Course Overview 


This course examines the fundamentals and basic physical 
operation of electrical transformers used in the electric power 
systems. The ancillary concerns of single-phase, auto- and three- 
phase transformers, needed for the practical application of all 
power system components are also discussed. Specialized 
instrument transformers including current and potential 
transformers are investigated. The harmonics of in the power 
transformers and inrush currents are also discussed. The main 
constructions and design procedure of the transformer are 
introduced in this course. 

This course is intended for third year undergraduate 
students who have a previous course in energy conversions and 
electrical machines such as EPM2106 and EPM2208 or work 
experience in fundamental of electric power system engineering 
such as EPM2105 and EPM2207. 
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Grading nnd Exam Schedule 



Assignment 8 and Activities (approximately weekly): 10 % ( 2 „ 


Points) 

Hour Exams: 10% (20 Points) 

Oral and laboratory Exam: 20% (40 Points) 
Final Exam: 60% (120 Points) 

Hour Exams Schedule: 

Hour Exam #1 Lecture-1, Week 4 

Hour Exam #2 Week-7 

Hour Exam #3 Lecture-1, Week-11 


Course Outline 


Week 

# 

Date 

Lecture Topic 


1 

i ] 

iJLlG C* X i 

^Principles of Transformers; Introduction, Basic il| 

^Construction ofa Transformer, Types of if iff i - 1 

—SI 1 

Lee. 2 


2 

.Lee. 1 

|The Ideal Transformer: EMF Equation, Turns Ratio, | 

^Effect of Load Current, Active and Reactive Power, 1 
Impedance Transfer 

Lee. 2 

Analysis of Circuits Containing Ideal Transformer, 
Transformer Polarity, Transformer Ratings 

3 

.Lee. 1 

HMi 

^Practical or Real Transformers: Theory of operation, 
'^Transformer Equivalent Circuits (1) |t f 7 * - - 

Lee. 2 

Transformer Equivalent Circuits (2) 

4 

iLec. 11 

iHour Exam #1 


Lee. 2 

Determination of Transformer Equivalent Circuit 
Parameters 


5 

; Lee. 1 

^Efficiency, Maximum Efficiency, All-Day Efficiency r;- 

Lee. 2 

Voltage Regulation, Transformer Taps and Voltage 
Regulator 


6 

,7V- . . : 

Lee. 1 

fPer-Unlt System : 1 *■ : ? ' .• ' * ' ’ 

| 

Lee. 2 

Parallel Operations of Single-Phase Transformers 


7 

■ {> ; Y r \Z-ri 

. y'J y'/A 

\ $ ■■■■ ’ . 

Hour Exam #2 ( Mid-Term Exam Week) 

$ 

a 


8 

Lee. 1 

Auto-transformers: Introduction, Voltage and 
Current Relationships, Apparent Power Ratings, 

I Saving of Copper. Advantages and Disadvantages 


.... j Three-Phase Transformers: Introduction, 

Lee. 2 j Transformer Winding Connection Designations, 

! Connections. Vector Grouping. =. ? 

f\ 

i 

9 

Lee. 1 1 Analysis of Three-Phase Transformer using a Single- J 
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Chapter 1 

Principles of Transformers 


1.1 Introduction 

The transformer is a static device that transforms the AC 
electrical power at one frequency and voltage level to an AC 
electric power at the same frequency and another voltage level 
through the action of a magnetic field. 

The transformer essentially consists of two windings wrapped 
around a common ferromagnetic core and coupled by a mutual 
magnetic field as shown in Fig. 1.1. One of these windings is 
called primary winding and the other is called secondary 
winding. The primary is the winding, which receives electric 
power, and the secondary is the one, which may deliver it. 


Laminated Cot'* 



Fig. 1.1. Diagram showing magnetic circuit and windings of a transformer 
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utapw* --- ^ 

Ihe transformer principle is based on the work of M ichael 

, m-m, discovenes m elec,roma 6"'fc 

F ‘' [ that 8iv® two magnetically coupled coils, a 

induction showed that, g 

langmg current in one coil would induce an electromag^ 
force in the other coil. 

u *0 primary winding is connected to an AC voltage source, 
an alternating flux (4>) is setup in the core, most of which is 
hnhed up with the secondary winding in which it produces 
mutually induced emf(e) according to Faraday's laws as follows: 

dk 
At 


where, c is the induced emf, and 


voltage is being induced. The flux linkage A is the 
sum of the flux passing through each turn in the 
windings added over all the turns of the winding: 

N 

i=i 

Although, the flux passing through each turn of 
the winding $,■ is slightly different from the flux in 
the other turns. It is possible to define the flux 
linkage in all turns as A = N where $ is the 
average flux per turns in the winding. 


If the secondary circuit of the transformer is closed, a current 
flow m it and so electric energy is transferred from the primary 
" 1° tire secondary winding. 
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Transformer 


hi short, a transformer carries the operations shoiun below: 

1. Transfer of electric power from one circuit to another. 

2. Transfer of electric power without any change in frequency. 

3. Transfer with the principle of electromagnetic induction. 

4. The too electrical circuits are linked by mutual induction. 

1.2 Basic Construction of a Transformer 

The basic construction of a transformer consists of two 
windings having mutual inductance and a laminated steel core . 
The two windings are insulated from each other and from the 
core. The transformer will also need some suitable container for 
the assembled core and windings, an insulating medium with 
which the core and its windings from its container can be 
insulated. In order to insulate and to bring out the terminals of the 
winding from the tank, bushings that are made from either 
porcelain or capacitor type must be used [see Fig. 1.2]. 



Fig, 1,2. Basic construction of the transformer 
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Ideal Transformer 


Chapter^ ---- — 

13 Types of Transformers 

roomers can be classified on different basis, like type, 0( 
construction, purpose, types of supply, types of cooling etc , 

1.3.1 On the basis of construction 
The transformers can be classified according to its core 
construction into two types as; (1) core-type and (n) sheU-ty pe 
transformers, which are described below. 

' The core^ m transformer consists of a sim P le rectan gular 
laminated core with cylindrical windings wrapped around the 
two sides of the rectangle as shown in Fig. 1.3. On the other 
hand, the sheMVM transformer consists of a three-legged 
laminated core with the windings wrapped around the center 


leg as shown in Fig. 1.4. 


Primary and Secondary 

yVin dinas 



Magnetic 


^ore-type Construction Shell-type Construction 

% 1.3. Core-type transformer Fig. 1.4. Shell-type transformer 


both hpes, tlie primary and secondary windings are 
mapped one on top of the other with the low voltage windings 


Ho 
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are placed nearer to the core as shown in Figs. 1.3 and 1.4. Such 
an arrangement serves the following two purposes: 


1. It simplifies the problem of insulating the high voltage 
winding from the core. In other words, the low voltage 
winding is the easiest to insulate. 

2. It reduces the leakage flux. 


The selection between the core and shell typeisimide^ipcompmrftj^ 
the cost because similar characteristics can be obtained from both types. 

Most manufacturers prefer to use shell-type transformers for 
high-voltage applications or for multi-winding design. 

1.3.2 On the basis of their purpose 

1. Step-up transformer: Voltage increases at secondary. 

2. Step-down transformer: Voltage decreases at secondary. 

1.3.3 On the basis of type of supply 

1. Single phase transformer 

2. Three phase transformer 


1.3.4 On the basis of their use 

1. Power transformer: Used within tire generating station to 
step-up the generated voltage at the transmission voltage 
level, it can be also called a unit transformer. It has been 
used also in the transmission networks. 
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former: Used in distribuUon network, 
2 Ws» w "°” a rating U™ that 0 / p 0lv „ 

compara^ely 

“^"'Ttrans/onn^ Used in relay and protection 
purposed different instruments in industries 

P , Current transformer (CT) 

, potential transformer (FT) 

j 3 5 On the basis of cooling employed 

Transformers can also be classified according to the type 0 f 
cooling employed. The different types according to these 

classifications are: 

1. Oil-filled self-cooled type 

2. OilMed water cooled type 

3. Air blast type (air cooled) 
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1.4 The Ideal Transformer 

The ideal transformer is a transformer, which has no losses 
and no leakage flux. In other words, the ideal transformer has 

the following properties: 

1 The winding resistances are negligible. Therefore, the 

copper losses are negligible. 

2 All fluxes are confined to the core and link both windings; 
that is, no leakage fluxes are present. Therefore, the core 
losses o.re negligible. 

3. The permeability of the core is infinite (i.e., p -» »). 
Therefore, the exciting current required to establish flux in 
the core is negligible. This means, the net mmf required to 
establish a flux in the core is zero. 

4. The magnetization curve must have the shape shown in 
Fig. 1.5. Notice that for an unsaturated core the net mmf 
force mmfnct = 0, implying that Niii = Nih. 

: 

- > mmf 


Fig. 1.5. The magnetization curve of an ideal transformer 

It wn\j be noted Hint it is impossible to utilize nn idcnl 
transformer in practice. 
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Chapter 1 


Ideal Transformer 


1.4.1 EMF Equation of an Ideal Transformer 

When the primary winding is connected to an AC supply 
with a sinusoidal voltage r>j, while the secondary winding is left 
open, a time-varying flux <D is established in the core. Assume 
that, the core flux 0 varies sinusoidally with time. Thus, 

= ‘fcm sin cut 


where 0 m is the amplitude of the core flux 
(o = 2 k f is the angular frequency 
/ is the frequency 

According to Faraday's law, a voltage c; will be induced in the 
primary winding as follows: 

(0 = A^<Kt) 


= 4> m cos cut 


= £ lm coscut 


where is the number of turns of the primary winding 

E lm is the maximum value of the induced voltage 
in the primary winding 

Therefore, the phasor form in terms of its root-mean-square 
(rms) value of the induced voltage in the primary is 

A'i0 m oj 


Ei=- 


-z0° 


V2 

= 4MN 1 f<P m 2.0° 

The core flux also links the secondary winding and induces an 
AC voltage e: 


13 
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e 2 (t) = N 2 j0{t) 

Similarly, the rms value of the emf induced in the secondary is 
E 2 = 4.44/V 2 /<t’ m ^0° 

In an ideal transformer 

V X =E, 

v 2 = e 2 

where Vi and Vi are the rms values of the primary and 
secondary terminal voltages. 

In ait ideal transformer, the terminal voltages are in-phase as 
shown in the phasor diagram of Fig. 16. 

Ei=V, 

3 E^V: 

O m 

Fig. 1.6. Phasor diagram of ideal transformer at no-load 

1.4.2 Turns Ratio (a) 

From tire previous section, the idealized case is assumed and 
the induced emfs in the primary and secondary are equal to the 
corresponding terminal voltage. Thus, the turns ratio or tlie 
voltage transformation ratio is 

Zi = £i = ^ = c] 
v 2 e 2 N : 
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Jn terms of phasor quantities, this relation is 


Vi = Ei _Ni 

V 2 b 2 n 2 - Q 


If N 2 > Ni, i.e., a < 1, the transformer is a ct 

i>tep-up 

If N 2 < Ni, i.e., a > 1, the transformer is a step d 
If N, = Ni, i.e., <7 = 1, the transformer is matchin * 

[ Tt Tint be noted that The voltages in thTwhidh^ 

1 transformer are directly proportional to the h,r„ 

... ' ' a ' IS °f the 

WWuW a S> 
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i:\AMri.i’ i.i 


A single-phase, 4600/460 V, 60 Hz, ideal transformer is 
connected to a l<t>, 60 Hz, 4600 V power supply. The maximum 
flux density in the core is 0.85 T. If the induced voltage per turn 
in 10 V, determine: 

(a) The primary turns (Ni) and the secondary turns (Ni). 

(b) The cross-sectional area (A c ) of the core. 


Solution 


(a) Since 


and 


Therefore 


V i =E 1 = 4600 V 
V 2 = E 2 = 460 V 


Vi V 2 

rr 10 


, 4600 

N ‘=ir = 46o 


(b) Since 


and 


k , 460 
*-»* 4 6 


<P 


fim = ^ = 0.85 


yields 


A c = 


0.85 


^ = F, = 4.44iV 1 /O m 
4 = VJUMNifBj 

A c = 4600/(4.44 x 460 x 60 x 0.85) = 0.0442 m 2 















Chapter 1 


1.4.3 Effect of Load Current on Ideal 

Transformer 

If the transformer is connected to a load as shown in Fig. 1.7, a 
current * will flow in the secondary winding. The magnitude of 
it depends upon the load impedance. However, its direction is 
such that it tends to weaken the core flux <P and decreases the 
induced em f in the primary ej. However, in the ideal 
transformer, ci must always be ecjuttl to Vi . In other words, the flux 
in the core must always be ecjual to its original no-load value. In order 
to restore the flux in the core to its original no-load value, the 
source vj forces a current /; in the primaiy winding, as indicated 
in the Fig. 1.7. 



curie rr ,0 0UI a5S “ mpti0 ” S ' mmf 01 Primary 

-* «* be equal arrd „pp„ 5ite (0 ^ ^ 
secondary mmfi. That means, 


N ih = N 2 i, 


i n 2 i 


i, jV. 
h 'Fj 
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In terms of phasor quantities, this relation is 

fl = W2 = l 
1 2 Nt a 

The phasor diagram of an ideal transformer for current h lagging 
lags the terminal voltage v 2 by 0 2 is shown in Fig. 1.8. 





Fig. 1.8. Phasor diagram of ideal transformer at loading conditions 
Note that: 

The currents in the windings of an ideal transformer are 
inversely proportional to the turns of the windings. 

Also, note that, the instantaneous power input to the ideal 
transformer equals the instantaneous power output from it. This 
means: 

v a ii = v 2 t2 

In terms of phasor quantities, this relation is 

VVi = IV2 

This is expected, because all power losses are neglected in an 
ideal transformer. 


20 
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Note that: 


I Although there is no physical connection between the load and j 
I the supply, ns soon as the lond consumes power, the same 
I power is drawn from the supply. The transformer, therefore, 

/ provides a physical isolation between the load and supply while 
I maintaining electrical continuity. 

14.4 Active and Reactive Power in an Ideal 
Transformer 

The active power supplied to the transformer Pi* is given by 

Pin = Vyf COS 

where cosd 1 is the input power factor and 6 l is the angle 
between the primary voltage and current. The active power 
supplied to the load by the transformer P mt is given by 

Pout = V 2 I 2 cosd 2 

where cos * 2 is the load power factor and d 2 is the angle between 
the secondary voltage and current. 

in 

voltages and ennen, are in-pha* respeedvely. Therefore fc 

jC out __ K 2 / 2 cos5 2 
^in Vj/j COS 6j 

"wi ® ^ * 


LCUMfC i 


Transformer 


Similarly, the same relationship applies to reactive 
and the apparent power S as follows: 

Qout = ^2 sin 0 2 = Kjlj sin 0, = Q tn 


power Q 


•^out ~ ^2^2 = V'l/i = 5j 


in 


1.4.5 Impedance Transfer through a 
Transformer 

The impedance of an AC circuit can be defined as the ratio of 
the phase voltage across it to the phasor current flowing through 
it. If Z 2 is the impedance of the load connected to the secondary 
of the transformer as shown in Fig. 1.9, then 

z - K! 

While, the impedance seen by the AC source is 

z !n “ “ 


s ince the primary voltage and current can be expressed 

= a V 2 

,.=h 


as 


.V,,V 2 


2, 


^ z 2 - a ? Z 2 


(a) 


(A) 


Fig. 1.9. Impedance transfer across an ideal transformer 


ll 
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These yields 




Z in =Z,' = a% 



This equation states that the load impedance as seen by th e 
source on the primary side is equal to a 2 times the actual load 
impedance on the secondary side. This equation also states that a 
transformer can also be used for impedance matching. A known 
impedance can be raised or lowered to match the rest of the 
circuit for maximum power transfer. 


1.4.6 Analysis of Circuits Containing Ideal 
Transformer 


In order to analyze the circuits containing an ideal 
transformer for its voltages and currents, an equivalent circuit 
with the same terminal characteristics replaces the part of the 
circuit on one side of the ideal transformer. After that, the new 


circuit (without a transformer present) can be analyzed. In t 
pan of the circuit that was not replaced, solutjons ^ 

»ill be the con-ect values for the original circuit. Then, the turr 

°' lhe tmshmer cm be <0 determine the voltag 
currents on the other side of the transformer. 71 
transformation is based on the f 0 l lo win g relations 


K = aV 2 
h = l 2 /a 
^in ~ a 2 Z 2 
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A single-phase, two-winding transformer has 1000 turns on 
the primary and 500 turns on the secondary. The primary 
winding is connected to a 220V supply and the secondary 


winding is connected to a 5kVA load. The transformer can be 
considered ideal. 

a) Determine the load voltage. 

b) Determine the load impedance. 

c) ’ Determine the input impedance seen by the supply. 


Solution 


(a) N, = 1000, N 2 = 500, V, = 220V and S lMd = 5000 


(b) 


(c) 


v 2 


N 2 „ 500 

^ = Iooo x 220 = 110 K 



5000 

110 


= 45.45/1 


_ V 2 110 

load 1 2 ~ 45.45 “ 2,42 n 


^in ~ ^load = G 2 * Zi 


load 


Zin 


/ 1000 \‘ 

-hr) x 


2.42 = 9.68 SI 
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A resistive load 0 / 90 Q is connected to an AC supply of 100 V 
with internal resistive impedance of 10 SI. (a) Determine the 
power absorbed by the load, (b) To maximize the power transfer 
to the load, a transformer of 1:3 turns ratio is used between 
source and Joad. Determine the new power taken by the load. 


Solution 


(a) For case-1 


r-1012 



/ = • 


100 

R + r "90 + 10 


= 1 A 


P = 1 2 R = (l) 2 x 90 = 90 W 

(b) u the load resistance is connected the supply ftr0 h 


the transformer 

r-ion 



*/W -rj = 300/fJo + 30 J = 5 ^ 
'■"■a***-25.* 
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1.5 Transformer Polarity 

The electrical transformers may have multiple windings that 
be connected either in series to increase the voltage rating or in 
parallel to increase the current rating. Before the connections are 
made, it is necessary that the polarity of each winding is 
determined. 

1.5.1 Definition of Transformer Polarities 
For the two winding transformer shown in Fig. 1.10, terminals 
1 and 3 are identical, because the currents entermg these 
terminals produce fluxes in the same direction in the core that 
forms the common magnetic path. Similarly, terminals 2 and 4 
are identical. If these two windings are linked by a common 
time-varying flux, the induced voltages in these windings e n and 
eu are in phase. 



Fig. 1.10. Polarity determination 

Identical terminals such as 1 and 3 or 2 and 4 are sometimes 
marked by dots or ± as shown in Fig. 1.11. These are called the 
polnrihj markings of the windings. They indicate how die 
windings are wound on die core. (Note that, die polarity marks 
arc defined also with the terminals (/ r A\ and //,.//,)). 
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Chapter 1 


Ideal Transformer 



Fig. 1.11. Polarity markings of the windings 


1.5.2 Determination of Polarities 
Experimentally 

If the windings can be visually seen in a transformer, the 
polarities can be determined. However, usually only the 
terminals of the windings are brought outside the machine. 
Nevertheless, it is possible to determine the polarities of the 
windings experimentally using two tests. 

Figure 1.12 shows the connections for the first experiment to 
determine the transformer polarities. To determine whether a 
transformer possesses additive or subtractive polarity, we 
proceed as follows: 


1. 

2. 

3. 

4 . 


Connect the HV winding to a suitable voltage from an 
AC source, V;. 

Connect a jumper / between any two adjacent HV and 
LV terminals. 


Connect a voltmeter £* betw 
Wand LV terminals. 


een the other two adjacent 


c P across the HV wind! 
* gIves a higher reading than F n , 
additive. This wl Ule P olari 

Jills tells US thaf U 1 

that Hi and X, are diago 
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opposite. On the other hand, if Ex gives a lower reading 
than Ep, the polarity is subtractive, and terminals H ( and 
Xi are adjacent. 


J 



Fig. 1.12. Determining the polarity of a transformer using an ac source. 

In this polarity text, jumper ] effectively connects the 
secondary voltage Es in series with the primary voltage Ep, 
Consequently, ES either adds to or subtracts from E p . In other 
words, Ex = E P + Es or E x = E P - Es, depending on the polarity. 
We can now see how the terms additive and subtractive 
originated. 

In making the polarity test, an ordinary 120 V, 60 Hz source 
can be connected to the HV winding, even though its nominal 
voltage may be several hundred kilovolts. 


Exorciso 


During a polarity test on a 500 kVA, 69 kV/600 V transfoniier (Fig. 
1.12), the following rendings were obtained: Ep = 118 V, Ex = 119 V. 
Determine the polarity markings of the terminals. 
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There is mother simple polity lest ' vhich “ described ty 

Fic „ 3 DC ,o»a g e , applied-o ^ary winding of 

d.Lrfnrmer. Now, dne lo ft. «■»<• rfU a »ol,age win 
be indicated in the aecondaty winding in S e M taneou S ly. If the DC 
voltage indicates voltage, it is then quite certain that I and 3 are 
of the same polarity. 



1.5.3 Application of Transformer Polarities 
The polarities of the windings must be known if the 
transformers are connected in parallel to share a common load. 
Fig. 1.14a shows the parallel connection of two single-phase (lp) 
transformers. This is the correct connection because secondary 
voltages ex and ey oppose each other internally. 


£ a 

3 


(h) 


kg-l-H. Parallel operation 
connection 


°!,nf‘ P)laSe lransfo ™m (a) corred 
• fb) Hrong connection. 
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The connection shown in Fig. 1.14b is wrong, because e 2] and 
e 2 2 aid each other internally and a large circulating current i dr 
will flow in the windings and may damage the transformers. For 
three-phase connection of transformers, the winding polarities 
must also be known. 

1.6 Transformer Ratings 

The transformer nameplate provides information about the 
ratings of the transformer. Tire apparent power, the voltage- 
handling capacity of each winding and die operating frequency 
are the major ratings. 

The voltage ratings of a transformer serve two functions. The 
first one is to protect the winding insulation from the breakdown 
due to an excessive voltage applied to it. This is the most serious 
limitation in practical transformers. The second one is related to 
the magnetization curve and magnetizing current of the 
transformer. 

For the sake of explanation, from the nameplate data of a 5- 
kVA, 500/250-V and 60-Hz single-phase transformer, we 
conclude that: 

1. The full-load or nominal power rating of the transformer is 
5 kVA. In other words, the transformer can deliver 5 kVA 
on a continuous basis. 

2. Since it is a step-down transformer, die (nominal) primary 
voltage is V; =500 V and die (nominal) secondary voltage 
is V: = 250 V. 


JU 
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, The nominal magnitudes of the primary and the 
secondary currents at full load are 
5000 


h = 


500 


■ = 10A 


20 A 

2 250 


4. Since the information on the number of turns i s 
customarily not given by the manufacturer, we determine 
then-ratio of the (nominal) terminal voltages as 



5. If this transformer is to be operated on a reduced 
frequency, for example 50-Hz, its applied voltage must be 
also reduced to 50/60 from its rating at 60-Hz or the peah 
flux <P m will be too high. This reduction in the applied 
voltage with frequency is called demoting . Similarly, if the 
rating of the transformer is 50-Hz, the transformer may be 
operated at 60-Hz with a 60/50 percent higher voltages if 
this action do es not cause insulation problems 
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Review Questions (1) 

0 Principles 

1. What is a transformer? 

2. Can be a transformer used to transform direct voltage and 
direct current? Explain. 

3. What differentiates a core-type transformer from a shell-type 
transformer? In both types, the primary and secondary 
windings are wrapped one on top of the other, what are the 
purposes of this approach? 

4. Write a short note about the use and applications 
(importance) of the electrical transformer in our live? 
o Ideal Transformer 

5. What is (write a short note about) an ideal transformer? 

6. Derive the e.m.f. Equation of a transformer. 

7. Why is tire frequency of the induced e.m.f. in the secondary 
winding of a transformer tire same as that of the impressed 
voltage on the primary winding? 

8. hi a transformer, the primary current is twice as much as tire 
secondary current. Is this a step-up or step-down 


transformer? 
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9. Explain why the primary m.mi. must be equal and opposite 
of the secondary m.mi. in an ideal transformer. 

10. What is the .-ratio, or transformation ratio? How can the ,,- 
ratio be determined experimentally? 

lUVta fe the *f of the transformer? Explain briefly 

two experiments can be used for determining the dot 
notation? 


12. A distribution transformer is rated at 18 kVA, 20,000/480 V, 


and 60 Hz. Can this transformer safely supply 15 kVA to a 

415-V load at 50 Hz? Why or why not? 


13. For the ideal transformer circuit of Figure, *,*180, 
6 and X,=o.sn. If £=i2ozo°v and ^=5600 \v, 


( n ) determine the turns 


who (b) the source voltage v s , an d 


(c) the input power factor pf s . 
lag) 


tej, 240.28 V, n qqq 
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14. For the circuit of prob. 13, . = 10, * i=24 n, R pS36kn 
X, = K)() fl, and P L = 2400 W. Calculate („) v s and (b) 

(AnsJ 405.8V, 4nnn\Af| 

15. For the circuit of prob. 13, a = 2, *,,=20 0, and * t=10n 

Determine the percentage of input power p s that 
dissipated by R p regardless of the voltage values. 


is 


(Ans. 66.(S%) 

16. For the circuit of prob. 12, let R L = 0 , *„ = 10 O, ^ = , n< 
and a = 2. Determine the power factor p s . (Ans. Zerojag) 

17. Determine the value of C„ for the ideal transformer of the 


following Figure. (Ans.0.25q 



U..I 


r:i 

18. The three-winding ideal transformer of Figure has N x = A', = 2.V, 

and identical load resistors (R) connected across coils 2 and 3. 
Determine the input impedance Z, as indicated on Figure. 


(Ans. 0.BR1 
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19. A 22-kVA, 2200/1100-V, step-down ideal transformer 
delivers a rated load at a leading power factor of 05 
Determine (a) the secondary winding current, (b) the 
primary winding current, (c) the impedance on the 
secondary side as a parallel combination of resistance and 


reactance, and (d) the impedance on the primary side as a 
series combination of resistance and reactance. 

20. The flux in the core of an ideal I 0 transformer varies with 
tide as shown in figure. The prim a ry coil has 400 turns and 
the secondary coil has JOO turns. Sketch [lie waveform of the 
educed voltage,.^ the primary winding 
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21. A resistive load varies from 1 to 0.5 Q. The load is supplied 
by an ac source through an ideal transformer whose turn's 
ratio can be changed by using different taps as shown in the 
following figure. The source can be modeled as a constant 
voltage of 100 V (rms) in series with an inductive reactance 
of jl Q. For maximum power transfer to the load, the 
effective load resistance seen at the. transformer primary 
(source side) must equal the series impedance of the 
generator-that is, the referred value of R to the primary 
side is always 1 Q. 

a) Determine the range of turns ratio for maximum power 
transfer to the load. 

b) Determine the range of load voltages for maximum power 
transfer. 

c) Determine the power transferred. 



Ans, (a) 1,41,1, (b) 50, 70.7 V, (d 5000.5000 W 
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Practical or Real Transformers 


2.1 Theory of Operation of Real 
Transformer 

The ideal transformer is described in the previous chapter. 
However, this transformer is a hypothetical device and of ' 
course, it is never actually being made. What can be produced is 
a practical or real transformer. The characteristics of a real 
transformer approximate that of an ideal transformer, but only to a 
degree. Therefore, this section is concerned with the behavior of 
real transformer. 

2.1.1 Effect of Leakage Flux on the voltage 
Ratio across a Transformer 

If the supply voltage is Vi is placed directly across the primary 
winding of a transformer as shown in Fig. 21, a time varying 
flux is established in the core. 

\ 


I *t: 

I 




Fig. 2.1. Transformer with leakage and mutual fluxes 























Practical or Real Transformer 


be observed from Kg. M « aU ° l ^ "“ted 
by the primary winding confines itself to the magnetic core on 
which dre winding is wound. Some of the flux, known as fte 
Mmcim. leaves the core and complete its path through the air. 
Therefore, the flux in the primary winding <t>i can thus be 
divided into two components: 

a) Mutual which remains in the core and links both 
the windings, and 

b) Leakage flux <t> L1 , which passes through the - primary 
winding but returns through the air, bypassing the 
secondary winding: 

*1 = + $11 

By the same manner, the flux in the secondary winding can be 
divided into: 

a) Mutual flux <H m and 

b) Lsi* m J ]! rf U/ which passes through the secondary 

winding but returns through the air, bypassing the 
primary winding: 

* e prinmry ,er ™ ai voi,a8e c “ te 


'dt 1 
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where, e 2 is the primary induced emf due to the mutual flux 
e u is the primary induced emf due to the leakage flux 
The secondary terminal voltage of the transformer can also be 
expressed as follows: 


v 2 - ^^$2 


= N 2 


dd> m 

dt 


+ N 2 


dt 


= e 2 + e L2 

where, e, is the secondary induced emf due to the mutual flux 
e L2 is the secondary induced emf due to the leakage flux 
Therefore, 


fi = Ni = 
e 2 N 2 


This menus thnt, the ratio of the primary to secondary induced 
emf caused by the mutual flux is etjunl to the turn's ratio of the 
transformer, 


Due to the leakage flux in the primary and secondary 
winding, the ratio of the terminal voltages does not equal the 
turns ratio of the real transformer. Since in a well-designed 
transformer, <b m » <P L1 and » <$ L2 , the ratio of the terminal 
voltages is 


v 2 N 2 0 
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zl2 The No-load CuirentinaReal 

Transformer 

fc pnfa reaJ transformer has a (mite permeability 
Since the cor whcn the secondary winding j s 

and has a core-loss, ere winding draws some 

left open (uo-had condition) the pnm y 

LL *own as ft. O' ta 

^e. M, a.rent is the currani required to produce the flux „ 

the core. It consists of two components: 

a) The U, which is the current 

necessary to produce the mutual flux in the core. 

» The cmrdoss curml h. which is the current required to 
malce up for hysteresis and eddy current losses in the 
core. If there were no core losses, component l c would not 
exist, and the exciting current would reduce to only that 
required to establish the mutual flux. 

Note that: 




The hysteresis loss is required to accomplish the reorientation of the 

magnetic domains in the core during each cycle of the curnnt 
applied to the core. 


< Wide, hie eddy current loss is the amount of energy lost due to 
eddy current generated in the core material. It goes into heating the 
iron core. There are two possible approaches to reduce these losses. 
— approach is broken up the core into many small strips, or 
Laminations, then the induced voltage in the core is reduced, 
^suiting in a lower eddy current, and lower losses. The second 
mmoiis to increase the resistivity of the core material to reduce 


th 

some 

ST ? combined. 


h-cmp.itude of the eddy current. This is often done by adding , 
Sl ' Lu '‘ L f ' !e Stcc! °f tlw core ' I" many cases, both approaches ! 
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The Magnetization Current 

The magnetization curve of a typical transformer core is 
shown in Fig. 2.2. If the flux in the transformer core is assumed 
to be known, then the magnitude of the magnetization current 
can be found directly from Fig. 2.2. 

<D 



Fig. 2.2. The magnetization curve of the transformer core 

By solving Faraday's law, the average flux in the core can be 
determined as follows: 

*=kI v ““ 

If the primary voltage is given by the expression 

Uj = V m cos cot 
Hence, the resulting flux is 

$ = -7- f l ; n cos cot dt 
Ai J 

= —77-sin wt 
wAj 
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j'ruLuw* 


vi triers 


umpicr L ______ ^ 

If the values of current required to produce a given flux (Fig. 2.2, 

are compared to the to* *> "* '' ^ * K 

possible to construct a sketch 0 / the magnetizing current in the 
* . « rUrkiA/n in FlV. 2.3. 





Fig. 2.3. The magnetizing current caused by die flux in the 
transformer core. 


Note flint : 

~ is ml simsoiM. 

»cr Ikpahfha rmrfcs Ik Mimlm point in Ik core, a moll 

“*t-cfclC™.''' , " W! “ m<J tk 
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• Tlte fundamental component of the magnetization ament lags the 
voltage applied to the core b\j 90°. 

The Core-Loss Current 

The other component of the no-load current in the 
transformer is the core-loss current. If the flux in the core is 
assumed sinusoidal, since the eddy currents in the core are 
proportional to d<P/dt, the eddy currents are largest when the 
flux in the core is passing through 0 Web. Therefore, the core¬ 
loss current is greatest as the flux passes through zero. The total 
current required to make up for core losses is shown in Fig. 2.4. 



Note that 

• The core-loss current is nonlinear because of the nonlinear effects of 
hysteresis. 

• The fundamental component of the core-loss current is in phase 
with the voltage applied to the core. 

From the above discussion, the total no-load or excitation 
current in the core of the transformer is just the sum of the 
magnetization current and the core-loss current: 

fffl — "F h 


44 
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fcefom, A. waveform of fo* total excitation current in , 
wiM ] transformer core is the sum of the magnetization and 
core-loss currents given in Figs. 23 and 24, this result in th e 


waveform of Fig. 2.5. 



Fig. 2.5. The total excitation current in a transformer 


2.1.3 The Current Ratio on a Transformer 

When a load is connected to the secondary of the transformer 

as shown in Fig. 16, the primary current produces a positive 

«mf, - Atjii and the secondary current produces a negative mmf, 

- -Mi. Therefore, the net mmf that produce the net flux in the 
core must be 




*e K is the reluctance of foe hans/ormer core. Note foat, foe 

net mmf m the ideal transformer is zero 

ercoreis 

' ma " forty zero) unffl , hs 

benveen fo e p(i]n , “ Sa,Ura,ed ' fhe 

a PPco\imately ^ ^ Sec °ndary currents is 
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mmf net = N 1 i 1 -N 2 i 2 = 0 


Therefore, 

/Vjtj = N 2 i 2 
h _ Nj _ 1 

I2 A^i 0 

Note that: 

• The mmf in the core or real transformer is nearly zero. 



2.2 Transformer Equivalent Circuits 

In the previous section, we placed quite a few characteristics 
to obtain useful definitions about the real transformer. In this 
section, our aim is to use those characteristics in order to develop 
an equivalent circuit for a real transformer. 

2.2.1 Considering the Winding Resistances 

In tire ideal transformer, no winding resistance is considered. 
Nevertheless, the real transformer has primary and secondary 
winding resistances. Therefore, the real transformer can be 
modeled by an ideal transformer, including a lumped resistance 
equal to the winding resistance of series with each winding as 
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V l -E 1 -¥l l R 1 
V z = E 2 - 1 2 Rz 


Note that 


The inclusion of the winding resistances dictates that 

(a) The power input must be greater than the power output, 

(b) The terminal voltage is not ecjual to the induced emf and 

(c) The efficiency (the ratio of power output to power input) of a real 
transformer is less than 100%. 


2.2.2 Considering the Leakage Fluxes 

From the discussion given in section 2.1.1, not all of the flux 
created by a winding confines itself to the magnetic core on 

l' hlCh “* ’"" liin8 is ' V( ’ ond - Of the flux, known as the 
■*.* . d0CS C °" lplele lts P a,h though the air. Therefore, 
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its own leakage flux, as illustrated in Fig. 2.1. Although a leakage 
flux is a small fraction of the total flux created by a winding, it 
does affect the performance of a transformer. 

The leakage flux associated with either winding is responsible 
for the voltage drop across it. Therefore, we can represent the 
voltage drop due to the leakage flux by a leakage reactance. 





Fig. 2.8. Real transformer represented in terms of an ideal transformer with 
winding resistances and leakage reactances. 

If Xi and X 2 are the leakage reactances of the primary’ and 
secondary windings, a real transformer can then be represented 
in terms of an ideal transformer with winding resistances and 
leakage reactances as shown in Fig. 2.8. 

Due to these resistances and reactances, the voltage relations 
in the two winding are as follows: 

V 1 =E l + /,(/?! +JXJ 
V 2 = E 2 -l 2 (R 2 +jX 2 ) 

— = — = — = a 
E 2 I ! N 2 


where 
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Crartsr 2 _■—„ 

^3 Considering » erWtePermMbiIit >’ 
c _. e ^ OTe Of a reaj frunsfonner has a finite permeabi] ily 

,-iZ a core loss. Toerafore. even when the seconds,? is , e „ 
c^r, (noted condition) the primary winding draws a* 
station current, from the source. As mentioned before, the 
erdtation current /, Is the sum of two currents: the core-loss 
current I. and the magnetizing current l m . The core-loss 
component accounts for the magnetic loss (the hysteresis loss 
and the eddy-current loss) in the core. 


Note that: 

I The magnetizing current l,„ is a current proportional (in~lk 
unsaturated region) to the voltage applied to the core '£' and lagging it 
by 90°, so it can be modeled by a reactance X,„ connected in parallel 
I with induced cmf. 

I The core-loss current (l r ) is a current proportional to the voltage 
applied to the core that is in-phase with the applied voltage, so it can he 
modeled by an equivalent resistance (R f ) connected in parallel with the 
induced cmf. 

Remember that: 


Mi iiingiuiuiig nnd core-loss currents arc nonlinear, so the 

inimiu x w and the icsistancc R c are, at best, approximations of the 
™ excitation effects. 


" |UiV '* m drcuil of Fig. 2.8 is modified lo 

X,. Sad, r;r"“ ' <r mJ " K m l’-‘ Kti ™S rertclnnce 
ruills wii In Fig. 2 . 9 . 
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Fig. 2.9. Equivalent circuit of a transformer, including winding resistances, 
leakage reactance, core-loss resistance, and magnetizing reactance. 

Then, the core-loss and magnetizing currents can be 

determined as follows: 

I'tE i/Kci 

/ = A_ 

m jx ml 

Notice that 

The elements forming the excitation branch R ( and X,„ are placed in the 
primanj side. This is because the induced emf actually applied to the 
core is approximately equal to the input voltage to the transformer. 

2.2.4 Referred Equivalent Circuit of Single- 
Phase Transformer 

In order to analyze the equivalent circuit containing 
transformers, it is normally necessary to convert the entire circuit 
to an equivalent circuit at a single voltage level . Therefore, the 
ideal transformer in the equivalent circuit of Fig. 2.9 can be 
moved to the right or left by referring all quantities to the 
primary or secondary side, respectively. For convenience, the 
ideal transformer is usually not shown and the equivalent circuit 
is drawn. 
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lrans form en 


Figures 2.10 and 2.11 show the equivalent circuit of ^ 
transformer referred to its primary and secondary ^ 
respectively. By analyzing this equivalent circuit the referred 
quantities can be evaluated, and the actual quantities can b e 
determined from them if the turn's ratio is known. 



Fig, 210. Tlie exact equivalent circuit as viewed from the primary side 
W W* Pi ■ Xj 



Phasor Diagram 

" Ule * , SM«e transformer 

conditions, the values of currents v „lt 

^obtained by Jr, -l a g e 5, and phase angles 

1 1B P ta sor diagram. 


operates under steady-state 

can 
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Note tjiat: 

In the transformer phasor diagram, the load voltage is used as a 
reference because quite often it is a known quantity. 

Let V 2 be the voltage across the load impedance Zl, J 2 is the 
load current and 02 is the angle between the load voltage and 
current. Depending upon Zl, h may be leading, in-phase, or 
lagging withV 2 . 

Figure 2.12 shows the phasor diagrams of the exact equivalent 
circuit of a single-phase transformer referred to the primary side 
at a lagging power factor. 



Fig. 2.12. Hie phasor diagram of an exact equivalent circuit of a single- 
phase transformer referred to the primary side of the lagging power factor 

Exercise: 

Phasor diagrams for tire exact equivalent circuits at unity 
power factor and leading power factor can also be drawn and 
are left as exercises for the student. 
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^proximate Equivalent Circuits of 

SingIC"EEa se Transformer 

r * a «'^>** ii *‘' a **r* mmi ** 

„Z**■*»«» "*'»*•*■« 

results in practical engineering application 
In engineering analyses involving the trans ormer as a 
circuit element, it is customary to adopt one of several 
approximate forms of die equivalent circuit of Figs. 2.13 and 
214 rather than the full circuit. The approximations chosen in 
^particular case depend largely on physical reasoning based 
on orders of magnitude of the neglected quantities. The more 
common approximations are presented in this section. 

Tte following constraints must be considered in the well- 
designed transformer: 

1- The winding resistances, the leakage reactances, and the 
core Joss are kept as low as possible. 

2- The low core loss implies high core-loss resistance. 

3- The high permeability of the core ensures high 
magnetizing reactance. 


Thus, the impedance of the so-called parallel branch (Rc hi 
parallel with jX,„) across the primary is very high compared 
vith Zi Rj + ]Xi and Z 2 = R? + jX:. The high impedance of 
the parallel branch assures low excitation current. 

kept low, the voltage drop across it is also low in 
comparison with the applied voltage. 


Transformers 


Therefore, any appreciate . error in our 

' hr assumed that, the voltage drop across the 

pplriiiationS/ h—-- 

^leUiranc^^ as the applied . volta g e . This 

to move the parallel branch as indicated in Fig. 
2 73 for the equivalent circuit of a transformer embodying «« ^al 



Fig. 2.13. An approximate equivalent circuit of a transformer 
embodying an ideal transformer. 

This is referred to as the approximate equivalent circuit of a 
transformer. The approximate equivalent draiit ns referred to the 
primary side is given in Fig. 2.14, where 

Zd = Rd + J%i 
Re 1 = Ki + f! 2 R2 
X e i = Xi + a 2 X 2 



Fig. 2.14. The approximate equivalent circuit of a transformer 

to the primary side. 
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TtHfnfo 


°Wit n 


thinly. Fig- 2.1$ shorn the appmimte equivalent 0rc „ f/ ^ 
^**cstmd*y»*<> l ' be transformer, where 
l t : E Rrl * jXei 

Rti * Ri + /V 


Xr; -Xi + Xi/n 2 
Rci = Rt/fl* 

X„1 « 


4* A* 



Fig. 2.15. The appretoiate eqvirtJml ctmat o!a transform** trdrmd 
!c th< wranden- tide. 

Afcfc that: 


the analysis of complex pouvr systems, a greal deal 7/fiwplifintm 
he assumed by neglecting the a citation ament mid the 
transformer is modeled using equivalent resistance in senes with an 
j ejuivalad reactance c >r using an equivalent reactance only. 



increases. 


lecture Note* 


Trstnthrrrw 


T) Finally, Hie mutual flux decreases owing to the decrease mJhf 
magnetizing current. 

The decrease in the mutual flux in the well-designed transformer bom, 
no load to full load is about 1% to 3%. Therefore, for alt practice! 
purposes, we can assume that Ej remains substantially the same. In 
other uvrds, the mutual flux is essentially the same under norms! 
loading conditions and thereby there is no appreciable change in the 
excitation current. 

i___—-—____._ 

Phasor Diagram 

The phasor diagrams of the approximately equivalent circuit 
of a single-phase transformer referred to the primary side at 
lagging power factor is shown in Fig.2.12. 



1 ig. 2 16. The phasor diagram of an approximately equivalent circuit of 
a transformer referred to tire primary side of the lagging power actor 

bxcrase: 

Phasor diagrams for Hie approximately equivalent circuits at 1 

unity pouvr factor and lending power factor can also be drawn and are I 
left as exercises for the student. I 




































23 Determination of Transformer 

Equivalent Circuit Parameters 


ne transformer e, u , Valent-circuit parameters can be dire^ 
determined bpper/ormins thefolimving tests. 

2 . Open circuit or no-load test 
2. Short circuit test 

2.3.1 Open-Circuit Test 

In this test, one winding of the transformer is left open while 
the other is excited by applying the rated, voltage and 
fmmmcv . Although it does not matter which side of the 
transformer is excited, it is safer to conduct the test on the Icvj. 
voltage side . Another reason for performing the test on the Jow- 
voltage side is the availabihty of Jow*voitage source in the Jab. 

The connection diagram of the open-circuit test is shown in 
Fig. 2.17 with ammeter, voltmeter, and wattmeter inserted on the 
low-voltage side. 
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Three readings are available from the measuring devices in 
this test; 

a) The voltmeter reading 

V 0 .r = Vl (rated voltage at the low voltage side), 

b) The ammeter reading 

Ic.c - h (no-loador excitation current) 

c) The wattmeter reading 

P 0 .c = P c (no-load or core-loss power) 

The approximate equivalent of the transformer in the open 
circuit test referred to the low-voltage side is shown in Fig. 2.18. 


Fig. 2.18, Approximately equivalent circuit and its phasor diagram of 
the transformer for open circuit test. 




From the phasor diagram of Fig. 2.18, the core-loss component of 
the excitation current la is in phase with the applied voltage 
while the magnetizing current l mL lags the applied voltage by 
90°. Therefore, the power factor at this test cos 8 0X . is lag p.f. and it 
can be calculated from tlie test readings as follows: 


cos 9 0 ' C = 


Po.c 


V • / 

k o.c l ox 


Po.c ~ COS" 1 


P 

r o.c 


V • / 

r o.c l ox 
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The core-loss and magnetizing cunents 
lcL =, o.c C°s9o.c 


Urns, the core-loss resistance and the magnetizing reactance as 
viewed from the 

_ Vox A 
RcL " IcL ~ Pc.c 


XmL ~ 


y JO£ 

ImL 


Determination of eddy current loss and hysteresis loss in 
transformer 

As mentioned in the open-circuit test, the Wattmeter reading 
is approximately the core loss of transformers. Let us now see 
how to separately determine tine eddy current loss and hysteresis 
loss. We know that 


P h = hysteresis loss <x (f? m ) 1,6 / 

P c = eddy current loss oc (B m ) 2 f 2 


P c = core loss = P h + P e 


Pc=k h (B m y- 6 f + k e (BJ 2 f? 
P c = af + bf 2 
where a and b are constants. 

Therefore, 


Pc/f = a+bf 


^'ShMine curve PQ as shown 
^oflineO^^ 


m 


Fi g- 2.19. Front this figure, 
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Fig. 2.19. Curve of P c /f against f 

Thus, the constant W and V are determined. Therefore, the 
hysteresis loss at rated frequency f r (i.e. 50 Hz) is 

Ph = afr 

Similarly, the eddy current loss at rated frequency of supply is 
P e = bf 2 


1 Example 


In a transformer, the core loss is found to be 52 W at 40 Hz 
and 90 W at 60 Hz measured at same peak flux density. 
Compute the hysteresis and eddy current losses at 50 Hz. 


[Solution] 


Since the flux density' is the same in both cases, we can use tire 
relation 

P c // = a + h/ 

.-. 52/40 = a + 40b and 


90/60 = a + 60b 















a <= 0.9 and h « 0.01 


At 50 Hz, the two losses ore 

/', a af r = 0.9 x 50 « 45 If 

I'o-bf*- 0.01 x 50 2 = 25 W 

2.3.2 Short-circuit Test 
In this test, one winding of tlw transformer is 
while the other is connected to a fairly low voltage source Th 
applied voltage is carefully adjusted so that each windI 
carries a rated current. The raled current in each windin 
ensures a proper simulation of the leakage flux patten 
associated with that winding. (Be sure to keep the YA d 
voltage and current at a safe level. It would not be n good idea to 
bun, out the transformer windings while trying to test it). Th e i npm 

voltage, current, and power are again measured as shown in th e 
connection diagram shown in Fig. 2.20. 


w 



Unorr c/rcuic) 

% ^0. A two-winding transformer wired fn i 
c . ^ f° r short-circuit test. 

SlIlliJa % m the open • 

*e this , es( , n tef ' i( *e5 not really matter 
15 performed. Hoover «,» 

tver / me measurement 
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, i , / eposes, . 

performed on the high-voltage side (i. e . ] ow .voU are 

short-circuited). The test arrangement with all in ' J * ^ 

inserted on the high-voltage side with a short circuit onThT* 
voltage side is shown in Pig, 2.20. C 0w 

Sinco the applied voltage required maintain ^ 
currenls Is a small fraction of the rated vollagc, both fa corc ., 0 
and the magnetizing current components are so small that th cv 
can be neglected. This means, ,he core loss is assumed zero 

Three readings arc available from the measurin- m 

this test; ° m 

a) The voltmeter reading 


V “ ' nb °" lfm ‘ lm pcr “" 1 nl'W 01 Wj|, vo„ v side 

b) The ammeter reading 

U.C = 1h (equals the rated current in the high voltage side) 

c) The wattmeter reading 

Ps.c - Pcu (equals the full-load copper losses) 

The approximate equivalent circuit for a short-circuit test as 
vtewed from the high-voltage side is given in Fig. 2.21. 


r .h JK h 

" - “Wv-— j nnr v 

*tr 



1 ig. 2.21. Approximately equivalent circuit of the transformer for short 

circuit test. 














From the short-circuit test readings, the parameter 0 f ^ 
equivalent circuit shown in Fig. 2.21 can be determined a$ 
follows: 

. The total resistance of the two windings as referred to tl, e hig^ 
voltage side. 

R eH -fr 

J s.c 

- The total impedance of the two windings as referred to the hhj 
voltage side. 

K.c 


%eH ~ 


ls.c 

So Hun, the tutu! leakage reactance of the hvo windings ns 
referred to the high voltage side is 

Xch = fiZcnV - (Ron ) 2 

For optimum design criterion, the copper loss on the high 
voltage side is equal to the copper loss on the low-voltage side 
Under this criterion 

r h = 0.5R c h 

Similarly, we can assume that 

4 = o.sx eH 

2.3.3 Advantages of Transformer Tests 

,n ase 

loss, whereas f Pr a sho re ^ uired is equal to tine iron 

equal to full in a t UCUit test ' ^ 1e power required is 
Joati copper Joss . 


r 

- JU 


Oo 
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2. These tests enable us to determine the effi nf (1 
transformer accurately at any load and p f wi^ nnt arh , M) „ 

loading the transformer. 

3. The short-circuit test enables us to determine R el and X e] 
We can thus find the total voltage drop in the transformer 
as referred to primary or secondary. This permits us to 
calculate voltage regulation of the transformer. 

2.3.4 Why Transformer Rating in kVA? 

An important factor in the design and operation of electrical 
machines is the relation between the life of the insulation and 
operating temperature of the machine. Therefore. tgmE grature rise 
resulting from the losses is a determining M or j n the rating ^ 1 

machine. Since the copper loss in a transformer depends on 
current and iron loss depends on voltage. Therefore, the total loss 
ina. transformer depends on the v olt - a mpere product only 

not on load power factor. For this reason, the rating of a 
transformer is in kVA and not kW. 
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Tests are performed on 


single-phase, 10 kVA, 2200/220 V, 6q 


Hz transformer and the following 


results are obtained. 



Optn-Circull Te»l 
(hlgh volt*g g »tdc open) 

Short-Circuit Teat 
(low-voltage aide shorted) 

Voltmeter 

Ammeter 

Wattmeter 

220 V 

2.5 A 

JOOW 

150 V 

4.55 A 

215 W 


a) Derive the parameters for the approximate equivalent 
circuits referred to the low-voltage side and the 


high-voltage side. 

b) Express the excitation current as a percentage of the rated 
current. 

c) Determine the power factor for the no-load and 
short-circuit tests. 


S*lulii»n 


no ^ oat ^ ^st tlie supply voltage 

(full-rated voltage 0 f rmn ■ 

• 1 is applied to the low-voltage 

uin % and for the • . 

' ‘ it ‘ arcuU ^ supply voltage is 
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applied to the high-voltage winding with the low-voltage 
winding shorted. The ratings of the windings are as follows: 

V.f =2200 V 

1 [rated] 


*2 (rated] 


= 220 V 


10000 
{[rated) ~ 2200 

10000 


= 4.55 A 

= 45.5 A 


■ 2[raled) ~ 220 

(a) The equivalent circuit and the phasor diagram for the 
open-circuit test are shown in the following Figure. 



K- 

Power, P nc = —i— 


R 


c2 


220 " 


Then R - = = 4S4 Q 

100 


, 220 

‘a-■&’*** 


'm2 " vi'l ‘ - 0.45 2 ) = 2.46,1 
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*2 _._ 22 --S9.4 Q 

X m2’, m2 -2M 

Th e corresponding parsers for the high-voltage S i„ e ^ 

obtained as follows: 

2200 _ 

Turns ratio a = - 1U 

^,= 0 %: =10*’ *484 = 48400 Q 
A' ml =a ? A m2 ='>0'*S9.4 = S940n 

The equivalent circuit with the low-voltage winding shorted is 
shown in the following Figure. 



Equivalent circuit for short-circuited 
low-voltage winding 


Power P. =/,% 


Then, = ) o.4 n 
4.55- 


Z 150 

'’'~ = S =32 - 97 n 
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Then, X = -Jz^ ~K> =313Q 


The corresponding parameters for the low-voltage side are as 
follows: 


p = l!k = !M = 0.104 Q 




1 CT 


=^=^= 0.313 n' 




2 m2 

U 1U 


The approximate equivalent circuits referred to the 
low-voltage side and the high-voltage side are shown in the 
following Figure. 


0.104 0 ;0313 0 



10.4 0 j'31.3 0 
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Note that the impedance of the shunt branch is much large, 
than that of the series branch. 

(b) From the no-load test the excitation current, with rated 
voltage applied to the low-voltage winding, is: 

A, =2.5 A 

This is 1L * 100% = 5.5% of tine rated current of the winding 
45.5 

, j Power 

(c) power factor at no load = - ^ fl/y| — 

_ _J00— = 0.182 
220*2.5 

Power factor at short circuit condition - 4.55 - ^ 


Transformers 



Obtain the equivalent circuit of a 200/400-V, 50 Hz, a single- 
phase transformer from the following test as follows :- 

O.C. test: 200 V, 0.7 A, 70W-on LV side 
S.C. test: 15 V, 10 A, 85 W-on HV side 
Calculate the secondary voltage when delivering 5 kW at 0.8 
power fador lagging, uic pimuu y ventage ucmg V . 


Solution 


Front O.C. Test 

p„= yj„ * cos ^, 


cos (p 0 = 


70 


VI 200 * 0.7 


= 0.5 


then cp a = cos' 1 0.5 = 60° 
then I vy = /„cosp u =0.7*0.5 = 0.35^ 
/ .=/„ sin ?>„ = 0.7 * 0.866 = 0.606/1 


then R .= — = = 571.4 Q 

0.35 


. V . 200 

and X, = -r 1 = = ^° n 


7m 0-60 6 
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As shown in the following Figure, these values refer to pri^ 


i.e. low-voltage side 



From Short Circuit test: 

It may be noted that in this test instruments have been placed 
in the secondary i.e. high-voltage winding and the low-voltage 
winding ie. primary has been short-circuited. 

Nw ' z « J f/r h5a 

= * 1.5 = 0.3750 

Also, 4=4 K ,2 




Lecture Notes 


Transformers 


Then, =<? " 7 


»0.85 = 0.21 n 


Then, =0.31 £1 


Output KVA = 


real power 
Power factor 


0.8 


= 6.3 kVA 


r, . VI 5000 
Output current 1 2 = = 15 . 6 ^ 

Now, from the aproximate equivalent circuit refeared to 
secondery: V 2 Z0" = V{ Z5° -I 2 Z<p° *Z q3 

Then, V 2 Z(T =400X5° - 15.6Z-36.87* *(0.85 + j\2) 

V 2 Z0° = 400Z<5''-15.6Z-36.87"*l.5Z 54.7° 

K,Z0° = 400Zd° -23.4Z18.17 0 

From the above equation we have two unknown variables 
V 2 and 5" it need two equations to get both of them. The above 
equation is a complex one so we cart get two equations out of it. 
If we equate the real parts together and the equate the imaginary 


parts: 
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So from the Imaginary parts: 
|///sin(0)=400sinM-23.4*sin(l8.17") 

0 = 400 *sin(<?")-7.41" 

Then, 5"-7A° 

So from the Real parts: 
jKjcos(0)=400*cos(7.4r)-23.4*cos(l8.17 1 ') 

Then , |^,|=374.5 V 
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A 50 Hz, 1 - {> transformer has a turns ratio of 6. The resistances 
are 0.9 £2, 0.03 £2 and reactances are 5£2 and 0.13 £2 for 
high-voltage and low-voltage, windings respectively. Find (a) 
the voltage to be applied to the HV side to obtain full-load 
current of 200 A in the LV winding on short-circuit (b) the power 
hrior or. short-circuit. 


.Solution 


The turn's ratio is a = £-L = 6 
*2 

/? Cfl = R, + a 2 R 2 = 0.9 + 6 2 * 0.03 = 1.98 Q 
X nl = A' + a% = 5 + 6- *0.13 = 9.68 0 


Z, ¥l = ^,+AT;, = Vl.98 2 + 9.68 1 = 9.88 £2 


/ = 4-200 
1 o 6 


V m = /, * Z, , = 9.88 * 33.33 = 329.3F 


(ty cosp 


_^ 1 _L98_ 0? 

9 ' 88 
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l:\AMPI.1: 2.-I 


A 1 -phase, 10 kVA, ,500/250-V, 50 Hz transformer has the 
following constants: 

Resistance: Primary 0.2 Q; .Secondary 0 . 5 Q 

Reactance: Primary 0.4ft ; Secondary 0.1 Q 

Resistance of equivalent exciting circuit referred to 
primary, R r] =1500ft 

Reactance of equivalent exciting circuit referred to 
primary’, X ml = 750 £2. 

What would be the readings of the instruments when the 
transformer is connected for the open-circuit and-short-circuit 

tests? 


Solution 


O.C jest 



500 
750 




SCO 

1500 



3 
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No load primary input 
F, * / c) = 500 * ^ = 167 kF 

Instruments used in primary circuit are: voltmeter, ammeter 
and wattmeter, their readings being 500 V, 0745 A and 167 W 
respectively. 

S.C. Test 

Suppose S.C. test is performed by short-circuit" i v 
winding i.e. the secondary so that all instruments are in 
primary. 

R f?1 =R,+R;=R 1 + a 2 R 2 =0.2 + 4*0.5 = 2.2n 
A',„ = X x + X\ = X x + a 7 X j = 0.4 + 4 * 0.1 = 0.8Q 

Z„, = fR^+X^ = V2.2 J +0.8 : = 2.341 ft 

Full-load primary current 

j RatedkVA 10000 OQ , 

Rated Pr iman'voltage 500 


Then P = /,*Z yl = 20*2.431 = 46.81' 

Power absorbed = 1 f * R... x = 20' * 2.2 = 880H 
Primary instruments will read: 468 V, 20 A, 880IV. 
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2.4 Efficiency 

All devices or machines in the electric power system ^ 
desired to operate at a high efficiency. The percentage effi cien ^ 
rj of a device is defined as the ratio of output power, P m to 
input power, Pin ss follows. 

o/ 0?? =^xlOO 

*ln 

The input power is the sum of output power and the p 0vv 
losses, Pixs. Thus 


%tj = 


~OUt 


PquC Pi 


loss 


x 100 


Fortunately, losses in transformers are small. Because the 
transformer is a static device, there are no rotational losses such 
as windage and friction losses in a rotating machine. In a well- 
designed transformer the efficiency can be nearly of the ideal 
transformer. 

The output power is given by 

Piout = ^2h cos &2 


= V 2 l 2 cos d 2 

Th ere are two types of los ses present in real transformers: 

1 Co PP erloss > Per. These losses are accounted by the windi 
sistances R j and R 2 or R c in the equivalent circuits. 

£SMre of the nm-opf ^ eac h win dir 
^erefore, as the load increases, tlie copper,loss 

“T 4 Tha ' “ Why the “W® loss is also termed tl 
Enable loss. 
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2. Core or Magnetic loss, P c : This loss consists of eddy-current 
and hysteresis losses. For a given flux density and the 
frequency of operation, the eddy-current loss can be 
minimized by using thinner laminations. On the other hand 
the hysteresis loss depends upon the magnetic characteristics 
of the type of steel used for the magnetic core. Since the flux 
<l> m in the core of a transformer is practically constant for all 
conditions of load, the core (magnetic) loss, P c is essentially 
constant. It is- for this reason that the core loss is often 
referred to as th e fixed loss. These losses are determined on 
the equivalent core resistance Rc (Pc=E 2 /Rc). 

Therefore, the efficiency of the transformer can be expressed by 


%T} = 


v{i2 cos e 2 


V 2 I 2 COS 0 2 +P c + l' z R 


■x 100 


el 


hi general, this equation is modified in order to determine the 
efficiency of the transformer at any percentage of loading as 
follows: 


%rj = 


X ' *^out COS tp 


X • 5 0Ut fx cos cp + P c + X 2 • 


F.L 


x 100 


where x is the per unit loading 

S 0Ut F ' L is the full-load apparent power 
P CU F1 is the full-load copper loss power 


The p.u loading x can be given as a percentage of the full-load 


apparent power or load current 



^out 
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2,5 Maximum Efficiency 

From the efficiency equation, it can be concluded that, th e 
efficiency of a transformer is zero at no toad. It increases with 
increase in the load and rises to a maximum value. Any further 
increase in the toad actually forces the efficiency of a transformer 
to drop off. Therefore, the efficiency of a transformer is 
maximized for a definite load. We now proceed to determine the 
criterion for the maximum efficiency of a transformer. 

Normally, load voltage remains fixed. Therefore, efficiency 
depends on the load current/^ and load power factor cos 0 2 . i n 
order to derive the conditions for maximum efficiency of the 
transformer at a constant load power factor, 



(Vil ' 2 CC,c0 2 - 4 r l 2 R f -)V 2 CCS 0 2 - Vft COS0 2 (Vjcos0 2 i 2/X) 

(VMcose 2 + P c Tl?R el f "° 

( V//i wi 6 2 ~P C ~ l' 2 Z P. K )Vi ccs 8 Z - V-’I' 2 co s 0 2 (V 2 coo 6 2 + 2 l 2 R e f) = 0 

% coo0 2 ~Kr-l' z (Vicoo0 2 + 2 l' 2 R n ) = 0 


WiMSi r?, ~r/p. si - v;i' C Qi9 2 - = o 


P ss f 2 P 
r C l 'l P‘ci 

-t&itsnt bn maximum dffcfcncy at constant 

**** *■* ,■■.¥ * % . <. 

fail'# }*? 
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Pcu = Pc 

For different loading conditions 

Pc = x 2 P«/ A 

Therefore, the per-unit loading for maximum efficiency at 
constant load terminal voltage and power factor is 


*1 


iJmax 



Then, the maximum efficiency at this condition can be 
determined as follows: 


%tj = 


-s.,.." cosy ,. 100 


The above condition states that the efficiency of a transformer at 
constant load terminal voltage and power factor is maximum when the 
copper loss is equal to the core (magnetic) loss. In other words, a ' 
transformer operates at its maximum efficiency when the copper-loss 1 
cum intersects the core-loss curve , as depicted in Fig. 2.22. 



Fig. 2.22. Lmw» in a real transformer and condition for max. efficiency 
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l'racncai or i\eai 


lrans form c 


On the other hand, for constant values of the load terming 
voltage V 2 and load current h, the maximum efficiency occu ts 
when 

dr] 


d9- 


■ = 0 


= 0 


-fe'/j cosfr +P C + l?R c ,)v;i± sing, + Q/'/') 2 cos g 2 sin g 2 

mcOS0 2 +P c +I^R el ) 2 

— (^2 h cos 9 2 ■¥ P c + 1 2 R e \)VfI 2 sin 9 Z + (Vfl 2 ) 2 cos 9 2 sin 9 2 = 0 
K 2/2 sin 9 2 (—V 2 I 2 cos 9 2 — P c — I 2 2 R el + V 2 I 2 cos 0 2 ) = 0 

1 rltt - n (n . r/2r» ^ r\ 

-V 2 1 Z 4111C7 2 \r c T i 2 I\ cl j - V 

V{1' 2 sin 0 2 = 0 

Therefore, the condition for maximum efficiency in this case is 

yields 

sin 9 2 = 0 -> 0 2 = 0 

cos 9 2 = 1 

Therefore, maximum efficiency in a transformer occurs when the 
load p.fis unity and load current is such that copper loss equals 
core-loss. Figure 2.23 shows the variation of efficiency with load 
current and load power factor. 



Oi 


? 
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For the transformer in Example 2.1, determine 

a) Efficiency at 75% rated output and 0.6 PF. 

b) Power output at maximum efficiency and the value of 
maximum efficiency. At what percent of full load does 
this maximum efficiency occur? 


Solution 


(a) A„„, = K,/ : cos(o,. 


= 0.75 *10 000 *0.6 = 4500 W 


P e =\00W, 

=(0.75 * 4.55) 2 * 10.4 = 121 IF 


n = 


4500 


4500 + 100 + 121 


-100 = 95.32% 


(b) At maximum efficiency 

P u , n = P iU unci PF - cos <p 2 = 1 


Now, P^, = lOOir = l:R tl , = P„ 


o • 


T ] 


82 
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„ j-fM-) -31A 
T hen ' J: ~[0.104) 


n I ,K/,cos« =220 *31*1 = 6820 W 

r " u *htm U 2 ‘ 


p„X... _ 6820 

" p - i +/> + A 6820 + 100 + 100 
=97.15% 


L/uipui a v n“u.u^. Oiiu naicu Arn 


=10 


Then , TJ mx occurs at 68.2% full load. 

Another Method 

From Example 2.1 P nJL =215W 



100 
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2.6 All-Day Efficiency, j/ad 

In the power plant, the transformer usually operates near its 
full load and is taken out of circuit when it is not required. Such 
transformers are called power transformers. It has been rip^ a 
mflyimum efficiency occurring near the rated output 
In the distribution system, a transformer connected to the 
utility that supplies power to your house and the locality is 
called a distribution transformer. Such transformers are connected 
to the power system 24 hours a day and operate well below the 
rated power output for most of the time. It is therefore desirable 
fn design a distribution transformer for maximum efficiency 

occurring at the average output power . 

A figure of merit that will be more appropriate to represent 
the efficiency performance of a distribution transformer is the 
"all-day" or "energy" efficiency of the transformer * r] AD ". This is 
defined as follows: 

%t? ad =t^x100 

fc ln 

%r, AD = £ ° -F~ x 1°° 

C OUt C l05S 

is the Energy output over 24 hr and it can be 
calculated as E 0 . J{ = I P C ut * c 
is the Energy input over 24 hr 

is the Energy losses over 24 hr and it can be 
calculated £) 0 ss = 24 x P c + £* 2 P C u ‘ 1 


where £ out 

^in 
E\a »s 


cn 

















A 50 kVA, 2400/240 V transformer has a core ] 0ss p r 
rated voltage and a copper loss Pcu = 500 W at f uU 
the following load cycle. 





%Load 

0 .0% 

1 50% 

75% 

Toor 

iiosr 

.r. 

Power Factor 


1 

0.8 lag 

6.9 lag" 

Hours 

6 

6 

6 

3 

.3. 


Solution 


Energy output 24 hours is 


0.5*50*6^0.75*50*0.8*6+1*50*0.9*3+1.1*50*1*3=630 kWh 


Energ}* losses over 24 hours: 
Core loss =0.2*24=4.8 kWh 


Copper losses (k\Vh) = 

°' 5 *°-^ 6 ^°- 7 5^0.5*6 + l 2 *0.5*3 + l.l 2 *0.5*3=5.76 

TCt£ l ene ^' Ioss=4 - 8f 5.76=10.56 kWh 


Transformers 


2.7 Voltage Regulation 

A constant load terminal voltage is one of the most important 
load requirements. Because a real transformer has series 
impedances, the output voltage of a transformer varies with the 
load even if die input voltage remains constant. To conveniently 
compare transformers in this respect, it is customary to define a 
quantity called Voltage Regulation (VR). Usually it is a good 
practice to have as small a voltage regulation as possible. For an 
ideal transformer, VR = 0. 

The fulUgad voltage regulation is defined as the net change in 
the secondary winding voltage from no-load to full-load for the 
same primary winding voltage. As a percent, it may be written 

as 


%re= !i^dM x io(, 

where V 2NL and V 2FL are the rms values of no-load and full-load 
voltages at the secondary terminals. The no-load and full-load 
voltages can be calculated by using equivalent circuits referred 


to either primary or secondary. 

Let us consider the approximately equivalent circuit referred 
to the primary side, shown in Fig. 2.14. The voltage regulation 
can be determined as 


%VR= !!mid^lxioo 

U2FL 1 


This yield: 


% VR = 


_ 1W1 ~ '^2 Irated x ^qq 


1^2 Irated 


\0‘ 


4 


86 
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where 


Vj — Vf + /z(^cl ^ j^cl) 
v : = r 2 '^o e + i^e, 2 ° x z e ^9 el ° 

Therefore, the voltage regulation depends on the load current, r z 
power factor' cos 9 Z * Figure 2.24 shows voltage regulation of a 
real transformer versus load current at a different power factor. 


fixation Vemmload 



-".g. ^ 4 . ise vsiage regulation versus had current at different power 

factor 

“ *“ hm pi & 22i te voltage regulation is 

T* * “* M ** ^ ** ^ Egging power factor. At 
ZT!^ fc V ° Itage ^* • ™«er nuuta 
<^r, ^ * ,Cadlng P ° W “ 

r ‘-yM*tm (set- ^ ' y has a ne gative voltage 
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In order to derive foe conditions for maximum voltage 
regulation, consider foe phasor diagram of foe approximately 
equivalent circuit at lagging power factor as in Fig. 2.25. 



Fig. 2.25. The phasor diagram of an approximately equivalent circuit of 
a transformer referred to the primary side of the lagging power actor 

The locus of Vj is a circle of radius I 2 'Z tJ . The magnitude of V 3 
will be maximized if the phasor h' Z t i is in-phase with V 2 \ This 
means: 

= ~ 0 d 

Therefore, the maximum voltage regulation " VR max " occurs if the 
power factor angle of the load 6 2 is the same as the transformer 
equivalent impedance angle 0 cl and the load powerfactor is lagging . 
Exercise: 

Prove that: 

% VR ma , = x 100 

In I rated 
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2.8 Transformer Taps and Voltage 
Regulator 

fn all previous sections, the turn's r atio of a transformer 
considered as though it were completely fixed . However.^ 
almost all real distribution trmsfomers , this is not Quite true. 
Distribution transformer has a series of taps in the windings to 
permit small changes in the turn's ratio of the transformer after it 
has left the factor}'. These types of transformers are basically 
classified according to the mechanism of tap changing as 

n-- 

1UUUW5, 

(a) No-Load (NLTC) Tap-changing Transformer. 

(b) Tap Changing Under-Load (TCUL) transformer. 


2.81 No-Load Tap-Changing Transformer 

The No-Load Tap Changer (NLTC) also called off-circuit tap 

changer and De-Energized Tap Changer (DETC). It is used in low 

power transformer. Figure 2.26 shows the arrangement where a 

number of tappings have been provided on the secondary of a 

transformer. As the position of the tap is varied, the effective 

number of secondary turns is varied and hence the output 

voltage of the secondary can be changed. The same purposes can 

be accomplished with the taps in the primary- winding 

The tap changing device is usually kept 0 „ fte Wgh voltagc 

side so that the current flow though devfce ^ ^ 

However, the principal disadvantno c 0 f th' 

be used for tap<hanging on load Sunn ^ ^ 

Suppose fo r a moment that 
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tapping is changed from position 1 to position 2 when the 
transformer is supplying load. 


:•••• ,r ; v— 

^ V . 1 , JT^ 

d fo — 




Primary 


i 



-o 5 
4 


. ' ' ■ • : ; ;; 








-o 3 0—1 

<, 2 Movable arm 
“° 1 


m 


v? Secondary 

1 ^ - ■ 1 

O- ■ _ "" „ s .' .• .. ~Z~~~ V .. P 


Fig. 2.26.Tap changing at no-load transformer. 


If contact with stud 1 is broken before contact with stud 2 is 
made, there is break in the circuit and arcing results. On the 
other hand, if contact with stud 2 is made before contact with 
stud 1 is broken; the coils connected between these two tappings 
are short-circuited and carry damaging heavy currents. For this 
reason, this circuit arrangement cannot be used for tap-changing 
on load. 


Am Example of Transformer Tap-changing 

Standard tap ranges for distribution transformers usually 
cover a tap range of 10% in four steps of 2.5%, or, in some 
ratings, two steps of 5%. For example, if a 100 -WA, 11,000/220- 
V distribution transformer has four 2.5% taps on its primary’ 
winding, mat are the voltage ratios of Otis transformer at each 
tap setting? Also, draw the tap arrangement of Ote tran 
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- The five possible voltage ratings are 


Taps 

Rated Voltages 

+5.0% 

11,550/220 

+2.5% 

11,275/220 

0.0% 

11,000/220 

-2.5% 

10,725/220 

-5.0% 

10,450/220 


Figure 2.27 shows the tap changer arrangement of the 
transformer. 



% 2.27.Tap Changer arrangement of 11 kV/220V 
Transformer 


2.8.2 Tap-Changing Under Load Transformer 

A 7 V a mi b,g under!md (KUI.) trmfomer is a transformer 

"* * aMf ' ycta « c la P>•**jww is connected to it. it 
voltege sensing circuit tl,a, automatically 

| hlP th constant, Such special 

1 WJ ' bc ! e " efl "l!/classified „ s: 
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1- Changing by impedance or reactor transition and 

2- Changing using equal parallel windings. 


Figure 2.28 shows the schematic diagram of the TCUL by 
impedance transition. While, Fig. 2.29 shows the schematic 
diagram of the TCUL equal parallel windings 



Fig, 2.28.1 np changing under load (TCUL) transformer by 
Impedance or reactor transition and 




































Fig. 229. Tap changing under load (TCUL) transformer using 
parallel windings 


lxcturcti°M__ _ 

Transformer* 

usom®* BteHl 



A 6kVA, 250/500 V, transformer gave the following test results. 
Short-circuit: 20 V ; 12 A, 100 W and Open-circuit test: 250 V, l 
A, 80 W 

a) Determine the transformer equivalent circuit. 

b) Calculate applied voltage, voltage regulation and 
efficiency when the output is 10 A at 500 volt and 0.8 
power factor lagging. 

c) Maximum efficiency, at what percent of full load does 
this maximum efficiency occur? (At 0.8 power factor 
lagging). 

d) At what percent of full load does the effeciency is 95% 


at 0.8 power factor lagging. 
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2.9 Per-Unit System 

Calculations using the actual values of parameters and variably 

are lengthy and time consuming. However, if the quantities ar c 

expressed in a per-unit (p.u) system, calculations are simplified, 

In addition, the p.u system represents another approach to 

solving circuits containing transformers, which eliminates the 

need for explicit voltage-level conversions (voltage, current and 

impedance transformations) at every transformer in the system. 

The p.u quantity is defined as follows: 

actual value 

p.u value = t-:— 

r base value 


where for any electric system has four base quantities: voltage, 
current, apparent power, and impedance. If we select base 
values of any two of them, the base values of the remaining two 
can be calculated. If St is the apparent base power and Vs is the 
base voltage, then the base current h and base impedance Zb are: 



2 _ 2 _ ±_ 


4 

e Power rating of a transformer is the same on both 

have to select h^h ^ ^ ^ ^ ^ qUantities ’ H owever, we 
other fo^ 6 the ^se V °^ eS 011e ^ or ^ le primary side and the 
quantities of current / ) ^ dlere are two base 

S)des 4i,Z fc2 . h '° ^ ase impedances for both 


Transformers 


J 


Lectu re 


Notes 


uo/fflge, 

tjic s(tm re jer rcd to cither side of the transformer. _ 

2.9.1 Transformer Equivalent Circuit in P.U 
The equivalent circuit of a transformer referred to the primary 
side is shown in Fig. 2.30. 



Fig. 2.30.Transformer equivalent circuit in actual values. 

By applying KVL, the primary voltage equation in terms of 
actual values is 


Pl = 7 2 '+/lZ e i 

The equation in per-unit system can be obtained by dividing the 
above equation by the base value of the primary voltage V bl . 

Ji-il+JAi 

Vbl Vbl V* 


aV 2 fjZ el 

V: - —- + 

' PU a ^b2 4l^bl 


14,p.u — ^2,p.u + h.pM^cl.p.u 


Therefore, the equivalent circuit in per-unit system can be 
represented as in Fig. 2.31. It has been shown that the voltages, 
currents, and impedances in per-unit representation have the 
same values whether they are referred to primary or secondary 


1 
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Chapter ^ 


val uesof^“" dVl '* are8CneraUyC ' ose tol p , 


Note that the 




Fig. 2.31.Transformer equivalent circuit in per-unit v a l Ues 

2.9.2 Full-Load Copper Loss in P.U 
The full-load copper loss has been determined from the 
approximate equivalent circuit of Fig. 2.14 as follows: 


Pcu Fl - llfl' ^el 


Therefore, it can be calculated in per-unit system based on the 
volt-ampere rating of the transformer as follows: 


Pj L I = 


ip.u 


Ibl ‘ Rel 

S b 

. tf.F.L ‘ ^el 


Vbi-lti 


Since 


- h.Fi 

I'm 


*w = 


Therefore 

= p 

Ip.u rt el.p.u 

"Wo- <«s in per-unit system epd. 

«**« j, tk^Z^- i "' XT ' H " it V,c 1 ™ti* 

i: 'V^f:nmnceof.' v. x. ' *'‘ s l ’ c ^ uc hi defrrii 

- ^former. 


Transformers 


lecture Notes 

2.10 Parallel Operations of Single-Phase 


Transformers 


(i) 


In order to supply a load in excess of the rating of an existing 
. OT a second transformer may be connected in parallel 

transformer, a ^ 

With it as shown in Fig- 2.32. It is seen that primary windings are 
connected to the supply bus bars and secondary windings are 
connected to the load bus-bars. In connecting two or more than 
two transformers in parallel, it is essential that their terminals of 
sjnilar^glaritk s are joined to the same bus-bars as in Fig. 231 If 
ft j,. ic nni done, the two e.mfs. induced in the secondaries which 

arp paralleled with incorrect polarities, will act together in the 

Wal secondary circuit even when supplying no load and will 

hence produce the equivalent of a dead short-circuit 



Fig. 231Connection of two transformers in paralle. 
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There are certain aenime --- “ 

in order to avoid any local circulating currents and to ensu, e % 
the transformers share the common load in proportion to th eit 

kVA ratings. The conditions are: 

1) Primary windings of the transformers should be suitable 

for the supply system voltage and frequency. 

2) The transformers should be properly connected with 
regard to polarity. 

3 ) The voltage ratings of both primaries and secondaries, 
should be identical. In other words, the transformers 
should have the same turn ratio i.e. transformation ratio. 

4) The percentage impedances should be equal in magnitude 
and have the same X/ R ratio in order to avoid circulating 
currents and operation at different power factors. 

5 ) With transformers having different kVA ratings, the 
equivalent impedances should be inversely proportional 
to the individual kVA rating if circulating currents are to 
be avoided. 


Of these conditions, (1) is easily comprehended; condition (2) 
is essential (otherwise paralleling with incorrect polarities will 
resuil in dead short-circuit). There is some lattitude possible 
"dh conditions (3) and (4). If condition (3) is not exactly 
«**d I.e. the two transformers have slightly different 

—- : ::rr— - - 

n o-Ioad, some circulating 


current between them (and therefore between the p riinary 
windings also) when secondary terminals are connected in 
parallel. When secondaries are loaded, this localized circulating 
current will tend to produce unequal loading condition. Hence, 
it may be impossible to take full kVA output from the parallel, 
connected group without one of the transformers becoming 

over-heated. 

If condition (4) is not exactly satisfied, i.e. impedance 
triangles are not identical in shape and size, parallel operation 
will still be possible, but the power factors at which the two 
transformers operate will be different from the power factor of 
the common load. Therefore, in this case, the two transformers 
will not share the load in proportion to their kVA ratings. 

It should be noted that the impedances of two transformers 
might differ in magnitude and in quality (i.e. ratio of equivalent 
resistance to reactance). It is worthwhile to distinguish between 
the percentage and numerical value of an impedance. Tor 
example, consider two transformers having ratings in the ratio 
1 :2. It is obvious that to carry double the current, the latter must 
have half the impedance of tire former for tire same regulation. 
For parallel operation, tire regulation must be the same, this 
condition being enforced by tire very fact of their being 
connected in parallel. It means that the cuirents cauied b) 
two transformers are proportional to theii 1 a tings provi 
numerical impedances are inversely propoi tional to the 8 
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and their percentage impedances are identical. If the 

w £ 

percentage resistance to reactance is different, then this ^ 
result in divergence of phase angle of the two currents, with th 


result that one transformer will be operating with a higher ^ 
the other with a lower power factor than that of the combing 
load. 


(a) Case 7 ; Ideal Case 


We will first consider the ideal case of two transformers 
having the same voltage ratio and having impedance voltage 
triangles identical in size and shape. Let £ be the no-load 
secondary voltage of each transformer and V 2 the terminal 
voltage; 1a and 1b the currents supplied by them and 7-the total 
current, lagging behind V 2 by an angle <p as shown in Fig. 2.33, 




r~~ 



,„A„._ 








s ' ^Equivalent-circuit of case-1 and case-2 
F,;. 2 . 34 a sin8 , e |riang|C( AB(; representj (he jdenl 

Cl ,rian6, “ 0f transformers. 1 

4 '* °' ' k ' transformers are i„-pl. 


_____ transformers ^ 

„ ilh (he current I and are inversely proportion ^ 
respective impedances. Following relations are obvious. 



Also 


Fig. 2.34.Phasor -diagram of case-1 

f = U + h 
v 2 = e- l A Z A 
v 2 = e- i b z b 
v 2 = e- 1Z ab 


U^A - Ib%B 



••• 1a = I 


Z A + Zg 


& 


fa 


= / 


Ia 

l A + 


(b) Case 2; E gual Voltage Ratios 

Let us assume tliat no-load voltages of both secondaries is the 
same i.e. Ea = E b = E and that the two voltages are coincident i.e. 
there is no-phase difference between Ea and Eb, which would be 
true if the magnetizing currents of the two transformers are not 
much different from each other. Under these conditions, both 
primaries and secondaries of the two transformers can 


% 

J 

t 

i v 

? 





ie 
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'"K 


nmecKd in pwlM «™* lte * "' il1 drcUlalC ” CUnwl N 
,1,™ on on-load. The phasot diagram is shown in Fig. 2 . 35 . 


fot vl" 


« 


, ’ 


v: 


3 * 3 ? 


at* 

& 


-.^ .yiy*. - 

v« ^*» R » 

h *1 


' \ "" 


Udxr^L 


Transformers 


2 11 Transient Inrush Current 2 

normn l steady-state operation, the magnetization current of 
a transformer is usually very low-less than 5 percent of rated 
conditions. However, now when a transformer is connected to 
the power system, a large inrush current will flow in the 
transformer during the transient period. This current may be as 



inrush current is important in determining the maximum 
mechanical stresses that could occur in the transformer windings 
and in designing the protective system for the transformer. The 
magnitude of the inrush current depends on the instant of the 
voltage wave at which the transformer is connected to the power 
supply. Consider a transformer whose core is initially un¬ 
magnetized. The transformer primary winding is now connected 
to a supply voltage 


v - v'2 V sin 


If we neglect the core losses and the priman wind’ g 
resistance, 


• rr 


u, Oonh-pft I. 


Chapman, pp-139-140. 
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Consider two cases, as follows: 

7. The transformer is connected when the voltage, 
ma.'crrorr.. xr.e vciiage and dux variations for this situation 
snc'ATi ~ tig. —3c. Xote that there is ho transient in flux, ^ 
that rhe thr.e variation of flux is 


#=$0^5112(^-90') for ai>90* 



l .-turc X c,lS - - - 

The magnetizing current can be found from the B-H curve of 
the transformer core and is also shown in Fig. 2 .36. No inrush 
^rrent will flow and the system is in steady state from the start. 

Casel The transformer is connected when the voltage is z ei0 
The time-variation of flux can be found as follows: 

v = \/2 V sin u)t 


v-N 


dt 



I 


vdt 



sin u>t di 


V2V 

u >N 


(1 - cos 


$max ” ^'msix COS u'[ 



J3l 

IN 

2 . 


The time variations of voltage, flux, and magnetizing current 
are shown in Fig. 2.37. The peak flux has doubled and the 
corresponding peak magnetizing current is very large because of 


core saturation. 
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Fig. 237. Transformer Inrush Current (case-2) 




ictirc. 






1Uiri S resistance, the large inr^. 


cunent will decay rapidly, as shown in Fig. 2.38. In a three-ph aS( 
transformer, there is always an inrush current, because ev en a 
the voltage is a maximum for one phase at the instant the 
transformer is connected to the power supply, it is not maxing 
for the other phases. 



Inrus), Current if t | u . P f/ Wt of winding 
wlMarav* Js < omkhwii 


* • 11 



Review Questions (2) 


ggalTransformer 

22 . What are (List and describe) the various losses occurring in a 

transformer? 

23. why does a practical transformer draw some current when 
its secondary winding is open? 

24. Whal components compose tire excitation current of a 
transformer? Distinguish between them. How are they 
modeled in the transformer equivalent circuit? 

25. What is a leakage flux? How can the leakage flux be 
minimized? Is it possible to have no leakage flux? Why is it 
modeled in a transformer equivalent circuit as a series 
inductor? 

26. Explain voltage regulation. When a transformer operates at 
half load, the secondary winding voltage is 250 V. At no 
load, it is 270 V. What is the voltage regulation? 

27, The no-load voltage is lower than the full-load voltage on 
the secondary side of a transformer. Under what conditions 
can this happen? 
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, nd t he terminal voltages as th e 
. .j, , apparent P°" er ‘ 

M * Uan8 u ,. V a nOO/250-V transformer, 

* a ^ 


Uv 


per-unit baas? 


*; \vhat is the «-ratio on a p< 

L~. and explain the P ha»r diagram of a former o„ 


load at a lagging power factor. 

Write short notes on parallel operation of transformers. 

What are the conditions for satisfying parallel operation of 
single-phase transformer? Deduce an expression for the load 
shared by the two transformers in parallel when the 
transformers have an equal voltage ratio. 


49. Write a short note about the transformer inrush current. 


50. What happens to a transformer when it is first connected to a 
power line? Can anything be done to mitigate this problem. 

51. A 1-phase, 100 kVA, 1000/100 V transformer gave the 
following test results: open-circuit test 100 V, 6.0 A, 400 W 

short-circuit test 50 V, 100 A, 1800 W 


a) Determine he rated voltage and rated current for the 
Hv and LV sides. 



pete 


d) 


p r aw 


ermine tire regulation at full load, 0, 6 Pf ^ 
phasor diagram for condition (c). 


52. 


A 25 kVA, 220/440 V, 60 Ha transformer g ave 

(oU owin8' e5,resultS ' 


Open circuit test: 220 V, 9.5 A,650 W 
ghert-circuit test; 37.5 V, 55 A, 950 W 


^ Derive the approximate equivalent circuit in pei-unit 
values, (b) Determine the voltage regulation at full load, 0.8 
PF lagging- (c) Draw the phasor diagram for condition (b). 

53. A 1-phase, 10 kV A, 2400/ 120 V, 60 Hz transformer has the 
following equivalent circuit parameters: Zeqi = 5 + j25 O, 
Rci = 64 kQ and Xmi = 9.6 kQ Standard no-load and 
short-circuit tests are performed on this transformer. 
Determine the following: . 

No-lond test results: K of ,! oc , ^oc 
Short-circuit test results: K JC ,/ sc > ^sc 
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Practical or Real Transfix 


5 , Astagl .ph«»WA,llW/2.nV,60H 2to a K(o% 


lias the following parameters. JtarUO Xt.v-4.5n, V 

0.05aXi» = 0.16,R,!=2.4knX^ = 0.8kO 

a) Draw the approximate equivalent circuit (j 
magnetizing branch, with Ro and X m connected t 0 
the supply terminals) referred to the HV side and 
show the parameter values, 

b) Determine the no load current in amperes (HV side) 
as well as in per unit. 

c) If the low-voltage winding terminals are shorted, 
determine: 

i. The supply voltage required to pass rated 
current through the shorted winding. 


ii. The losses in the transformer. 

“ L m HV windta 8 of the transformer is 


connected ,l le „ kv supply anc| , ^ 
2 ‘ =1 ^ Wn “ ««c,ed , hE low 


V * 8 ' W ' n,ii ” e ' De ’ Gnil 'ne: the )oad voltage . 
andv *So reg „la Son . 





”■1 


0- A 


i*n«. 


1-phaso, W kVA ‘ 2400/240 V, f/J 

jnsformo' has the following character^. * 

C 'cs-k e 


»ss at 


• x-org. 

full-vol 13 ® 6 = 200 W c opper-loss at half-load „ yj ^ 

a) Determine the efficiency of the 
delivers full load at 0.8 power factor l aggin " 

b ) Determine the per unit rating al ^ 
transformer efficiency is a maximum. 


C ) Determine this efficiency if the load p.f. * 0 9 
d) The transformer has the following load cycle; No- 
load for 6 hours 70% full load for 10 hours at 0.8 PF 
90% full load for 8 hours at 0.9 PF. Determine the 
all-day efficiency of the transformer. 
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Solved Problems 


, __ „ vc the follo'ving test results 
CllA»/W"' # -“ 5fcre 6 

.U_» Wt • with low-voltage winding shorted. 




short-rircuit^ 20 V; 12 A, 100 W 
Cren-drcuit test : 250 V, 1 A, 80 W on low-voltage side. 
Pennine the circuit constants, insert these on the equival ent 
circuit diagram and calculate applied voltage, voltage regulation 
ar,d efficiency when the output is 5 A at 500 volt and 0.8 power 
factor lagging. 

Solution 


Open circuit test 


cos?. = 


80 


v Jo , 250*1 


= 0.32 


/„ = /.«»¥>. =1*0.32 = 0.32,4 


L -.=v A: - J; = v? -o. 32 : = 0.95^ 


!> _ K* 250 

4 * 032 * 781 3 n 


A 


ib. 


250 

0.95 


2MKU 






< 0 * 


Motes 




r . circuit t cst 



A 5 


tl ie primary is short-circuited, aU Value , 


Sr efer t 0 


Sec oni 


^,Sowec a n°b.ain^w^ wdftsnt((a ^ 

pri mary » 6' 1 »«plained bef 0rei0E>i 


^ pie 


can m odify the short circuit data to the nrir 


ary 
m to 

or 


vve 


can calculate R„; mi directly. Here will use 


vo method 


to compare the results. 


Pirst method 


R ^ 

K 

= 1^- = 0.694 n 

A c<j 2 

~iL 

12* 


v 

20 . ,, 

Z 


= — = 1.667 Q 


^2.tc 

12 


Then, * r9j = = / l6SJ :_ 06 94 : =L5i8 Q 


As R c and X m refer to primary, hence we will transfer these 
values X iyI ,und Z, v ,) to primary with the help of 


*R , = 0 . 5 : * 0.694 = 0.17412 


transformation ratio. 
Then 
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y =0.5 : +1.518=0.38Q 


Z„, = ° ! * Z„ J =0-5 1 -!.667 = 0.41 7 n 


Qornnd method 



W Then, Short-circuited results refeard to primary are 10 V, ^ 


A,100W 

Thcn/(^-4.-^-0.mn 

'lie ^ 


1 




/,„ 24 


a 0.417 n 


Then, - V0417 5 -0.174 1 - 0.38 T2 


Applied yollagi; 




<</l 


Then, K, £*250 0" 


-coi'OJf foffl + fli.M) 
'' ,v " »».•:«• -36.24"'0,418 65,4" 
e,£«250ff;t4.l8 29.16- 




253.7-250 

%r(’S s 250 


*100 = 1.48% 


nffecicncj 


n . ft*/;’cost? 


250*10*0.8 

?/ = 250 * 10 * 0.8 +10 : * 0.174 + 80 * 100 s 95,356% 
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ChapM 2 


Q2) A1*. 10 kVA ' 


, 2400/240 V, 60 H! distribution transfo^ 


has the following 


characteristics: Core loss at full voltage ft 10o ^ 


al half load=60 W (a) Determine the effiefe^ 


and Copper loss 

0 f the transformer when it delivers full load at 0.8 power fact 0t 
the rating at which the transforif^ r 


lagging, (b) Determine 
efficiency is a maximum. Determine the efficiency if the load w . 

0.9. (c) The transformer has the following load cycle: No lo ad 

for 6 hours, 70% full load for 10 hours at 0.8 PF and 90% full lo ad 

for 8 hours at 0.9 PF 


is 


Solution: 


(a) P m =10*0.8 = 8 kW 


P n „ = 100 W, P m FL = 60 * 2 : = 2W 


8000 

,= iio+Ioo+Mo* 100:=95 ' 92,/ " 


(b) ,= 


100 


240 


= 0.6455 


Vx=r 7 ^ll!^45S»0 9 

110 96 - 67 % 

0u tpm ene ri n, 



,losses 


in 


Ener^ 

r s (240 * 0.7 : 

bcti ' 


the cupper in 24 hours is 
* 10 + 240 * 0.9= * »)* 10-’ = 2.1312AB7, 


HO-8 

Then, Y20.8 + 2.4 + 2.7312 


MOO =95.93% 


Scanned by CamScanner 








Practical or Real Transfix 

t of a 8kVA 200/400 V, 50 k, 

% 


Chapter! __— 

QJ) Ob,a* 

1 -phase transformer from the following lest:- 

O.C. test: 200 V, 0.8 A, 80VV, S.C. test: 20 V, 20 A, 100 bv 
Calculate Ihc secondary voltage when delivering 6 kW „ 0) 
power factor lagging, the primary voltage being 200 V. 

Solution 


From open-circuit test: 

p„=vr^p u 

, [Mf= A = -J»_ = o. S 

• rj, loo • o.i 

then p s =cos' 1 0.5 = 60° 

then y cl = 4 cosp,=0.8 * 0.5 =OAA 

L =■ i. sin o, = 0.8* 0. S66 = 0.69282 A 


V ’00 

ill =^=—=500 
4, 0.4 


and y K, 200 

4 T5w , * sm ’ 


uSM sjjofl circuit r^t- 


* “ T ' K fc * ” the test instruments have been placed 

^ ‘ Kgh vo!ta * e ""ding and the low voltage 

pria^-y has been short-circuit 


Jited, 


A- ,=Jzf r 4='/l’-0.25 ! =0.968246n 

fheOr 71 r? 2 » 

6000 

Output current 4 - = 21.4286 A 

Now, from the approximate equivalent circuit referred to 

secondary: 

r 2 /o°=v;/s°-i 2 /p°*z ef2 

Then, V 2 Z0 U = 400Z<5 U -21.4286 Z-45.573°*(0.25+/0.968246) 
KZ0 v =400/^-21.43 Z29.9495" 

Trom the above equation, vve have two unknown variables 
: af id S it need two equations to get both of them. The above 
Ration' s a complex one so we can get two equations out of it. 









Chaf tcr 


2 


jf \ve e 4 
parts: 

So from 


uate' 


ir ealp«‘ 5 “ , S ClhCrandth,!eqUatetlteims 6S 


the ImaginaO- P arls: 

(.~l_->1.43*sii>(29.9<t95") 

uH<> I “ 


|K[ s in(0)='>0° sin 

(MOO-sin^)- 10 ' 6986 


-tw .f =1.533" 

XJLltiV U 


So from the Real parts: 


|cos( 0 ) = 400»cos(l.533' , )-21.43*cos(29.9495 ) 


Then, |K 2 |=381.288 V 
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Chapter 3 

Au totransformers 


3.1 


introduce 



11 totra nS i° rnier “ s a s P ecial P ur P°se transform^, it ^ 

ThC ' #W n «‘ s desirab ‘ e t0 d “ g * the volta 8 e '«eU by 0lUy 
tf ^ ^ ount . For example, it may be necessary to increase a 

< s# “ HO » 120 V or from 13.2 to 13.8 kv. These small 

^’ ^ ma de necessary by voltage drops that occur fo 

^^stems a long way f rom * e generators. 

P° vVer ^. sts 0 f a single winding unlike the two-winding 

finer considered in chapters 1 and 2. The single winding 

^ , ^imarv for secondary) and the part of the winding is 
is used as P ruita J v 

se d as secondary (or primary). Therefore, the primary and 
londary of an autotransformer are physically connected. Thus, 
le input and the output circuits are connected electrically, 
besides the magnetic coupling between them. Tk direct elected 
m ,lection between the windings ensures Hintapart of Ik energy is 
transferred from the primary to the secondary by conduction, ft 
mgnctic coupling between the windings guarantees tliat some of Ik 

energy is nlso delivered by induction. 

• toms to use 

It is common practice in P ovver s - s 

, fairlv dose to each 
autotransformers whenever two voltage ^, 0 

other in level need to be transformed, because j van tage 

voltages are, the greater the autotransfoim P 
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4 - — 



5.1. Sinde-Pn^se Auto transformer 

.A tapping is provided on the winding to separate the primay 

2 nd the secondary windings. So, in a single-ph ase 

autotransformer, there are three terminals. Figure 3.2 shows the 

connection diagram of a step-down autotransformer. The three- 

terminals are a, c and b. the primary winding is 'ab\ and the 

secondary' winding is It may be noted that' cb 1 winding is a 

common winding between primary and secondary sides. 

Hie input voltage, which is applied to the primary winding, is 

VH ajld 1116 SeCOndar >’ out P ut ullage is 14. The primary current 

and theI ° ad CUrrem “ II i{ n h is the number of turns of the 

HI' HlnJmg 3nd ^ ° r A ' C i5 the number ^ turns of the 
secondary-or common winding. As shown in Fig. 3.2, 



Fig. 3.2. Single-phase step-down autotransformer 
A'h = h’sE + Nc 
V L = Vc 
Vh = V c + V se 

1h — fsE 
h - fc + fsE 

3.2 Voltage and Current Relationships 

Since, the basic principle of operation is the same as that of 
the two-winding transformer. Therefore, 

Kh _ _ Nse + Nc 

V l ~N l ~ 

If can be found also from Fig. 3.1 that, for mmf balance, 

NseIh ~ A4(4 -/«) = 0 
NseIh-N c I l +N c ! h = 0 
(W S £ + /V c )/ H = N c I l 
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„ CJn * concluded from the above equations th al 
voltages and currents are related by the same turns ratio as ^' 
two-winding transformer. 



3.3 Apparent Power Ratings Advantage of 
Autotransformer 


As mentioned before, the operation of an autotransform 

ner is 


oyATAtn mnnnnh'nn in o/Mitinn ^ n 

u.l\- V, ViV/lUlVV WWil MMM1UW41 Q | 


s] ^tr 0 . 


magnetic induction. Therefore, not all the power transf 

sr erre ( 

from the primary to the secondary in the autotransformer 
through the windings. As a result, if a conventional two-wind • 
transformer is reconnected as an autotransformer; it can hand/ 
much more power than it was originally rated for. To illustrat 
this idea, refer to Fig. 3.3. 


h = 1 se 






^ aval ^ 

»«‘ e ris given by 


input and output ap parent ^ 


the 


/ 


✓ 


,sfo 


,m ier) 


$ou t 

Sln = JVh 

t0S how,t>y“-6 te ™>^andcu n e mr4|l05 

''l,app^ ,powerise _' ual ‘ oteou ^ ta ^t Power : 

S[ n S ou t~ Sio 




(a 

^daflned^etheinputandoutput^,^ 

■**, transforman However, the apparent p„ Wer h 

0 winding Sw is 

the power in winding ’ nc' S ac = [v H _ y ^ 

LJ l H 

the power in winding 1 be 1 5' ic =p,|7 x 

U ri H J 

S " =K 4-I) 

C - o N H~N l 

■V“>j/o- - -- 

/V H 

C %+W C 

*io-*w —--- 

Nse 

Therefore, the ratio of the apparent power in the primary and 
fc secondary of the autotransformer to tire apparent power 
'-hially traveling through its windings is 

s io _ ^se + N c 

The ^ SE 

a hove Equation describes the_ njjjTnivnt power rating 

11(11) (Jllfagp r 

0 - 0C y p coiwentjgml two winding 


acl 


^a^niicr, 
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W' 


iter 3 


Refer to F# 

....[ copper in he winding (common wi„ d ^ 
While, the weight ot c PP U 

proportional to 

N L (l L -h) 

so, te tola) weight of ®PP« in antotranrformer winding, W% 

is proportional to 

{N h -N l }Ih + n lOl- i h) 

On the other hand, refer to Fig. 3.3a, for the SaQle 
transformation, the weight of copper in two winding 
transformer, is proportional to 




Therefore, the ratio of total weight of copper in autotransformer 
winding to that of two-winding transformer is 

HU, _ %-N l )1 h + N l (! l - 1 h ) 

W 2w %1 H + N l I l ) 


_ n hIh ~ NjJh + NJl ~ NJh 

+ n l i l ) 

_ V}h}h + N l I l ) - 2N,J k 

~%Ih + N l I l ) 

= 1 -— 

%Jh + N l I l ) 


= 1 - n l /n„ 

NhzHl< 1 

* 




eP e ' 


H^ cS/ 


ww.-(i-D 

savin gin c °P.P er l = W «*>" ^ 


VP: 


2w 


= -W 2vv 
a 





jf^Tiiic°PP er weight in tin autotransfomer is inversely 
proportional to the turn's ratio of the conventional two winding 

transformer. 



3.5 Advantages and Disadvantages of 
Autotransformers 

The advantages of an autotransformer connection are: 

1. Variable output voltage when a sliding contact is used 
for the secondary. • 

2- Increased kVA rating S, 0 > S w . 

3. Saving weight of copper, (an autotransformer requires 
less copper than a two-winding transformer of similar 
rating), therefore, an auto transformer has smaller size 
than a two-winding transformer of the same rating- 
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. __ 

. ^ leakage reactances and lower losses, „X 
' „ aototransfonner operates a. a higher ^ 
^ a two-winding transformer of similar , att , lg ** 
5 ^ autotransformer has better voltage regui atio ^ 


The disadvantages are: 

h a direct connection 


between the primary and sec 0ri(i 


sides and 

2. The short-circuit current is much larger than for th e ^ 
winding transformer of the same rating. It can be 
from Figure 3.3b that, a short-circuited secondary CailSe 
part of the primary also to be short-circuited. This reduc 
the effective resistance and reactance. 


kV A, 2000/200 V two-windi 

t '■*' l0 ° 


'“ 1B "“Worn* is 

'■ ted 0 an autotransformor as shown in Fig. such 

“*” E „ k obtained at the second. 

n 2000 v 15 


aa 'r- T1 'o portion Jlis 


thekVA rating as an autotra. 

Coi^P ute 


the 


2000 


^ n\ore 
the 


tnsfori 


w ir\di 


‘mer. 


H 



, _ 100,000 . „ AA . 
'»b- — q— A = oOO A 




















C/i^^ r ^_——“ " 

ru |W 0 »d d«r«‘ ion of ^ autotra *'^on tter , 

Thcrci° lt: ' *“• 

w „«nal« mnlS,rC: 


uw.n-^vmd 

Therefore, 


/ S « 500A 

h D 500 + 50 « 550 A 
V'h “ 2000 + 200 » 2200 V 
2000 X 550 


kVA| v 


1000 


1100 


_ 2200X500 

Wa1h —I 66o~ = 1100 


.5 single-phase, 100 kVA, two-winding transformer 
connected as an autotransformer can deliver 1100 JcVA. Note that t] 
higher rating of an autotransformer results from the conduct' 
connection. Not all of the 1100 kVA is transformed b\j electromagnet' 
induction. Also, note that the 200 V winding must have sufficient 
insidation to withstand a voltage of2200 V to ground. 



5 0 kVA- 2400/460 V, 50 Hz transform h . 


a $ an 


connected as an auto-transformi 


er to 


|03' 


dl 03 


2 400 V circuit fr ° m 2860 V S ° U1Ce ' 


supply 


connection. 


)ShK» 

»0 f,cl 


20 


the transfi >r,lier 
, Ik m"®"" 1 " kVA nwrem s ilp j,|,,, # 

v drcuit W Determine ““ °f “* ™totasJbn» er /b r 


fiillloi 


,4 „t 0.9 power factor. 




(a) 


(b)/ - 5 0 % 10 } , 

2460 7 



The ' ai/ ^.4 I( f 0 =108.782860 =310.87 kW 
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50n0^--. = 0.95 

(c) ! h* ~ 50 * io J * 0.9+ Pi + P m,R 



= 2368.42 W 


310870*0.9 __ 99 % 

^»m = 3 io37o *0.9+2368.42 


call autotransformer handle more power . 

57 

n tional transformer of the same size? 

tfifl, a* “ d 0,nccessa °' equations 3,1(1 fiEure ' c *Pta 9. 

• finciple of copper saving in an autotransformer. 

59 Draw sketches showing how a 22-kVA, 2200/1100-V, two- 
winding transformer can be connected as an 


autotransformer. Determine (a) the voltage rating, (b) the 
power rating, (c) the power transferred by conduction, and 
(d) the power transferred by induction. 

60. A 1 ^,10 kVA, 460/ 120 V, 60 Hz transformer has an 
efficiency of 96% when it delivers 9 kW at 0.9 power factor. 
This transformer is connected as an autotransformer to 
supply load to a 460 V circuit from a 580 V source. 

( a ) Show tire autotransformer connection. 

Determine the maximum kVA the autotransformer 


Can Su PPly to tire 460 V circuit. 








c/i«r tcr 3 
(c) 


-MflS 


Demine the eificiency of the autot,a llsfo 



full load at 0.9 power factor. 




the windings of a 1 kV A, 240/i 2Q v 

61 , Reconnect the « v,^ 

transform® so that it can supply a load at 330 V fto^ 
V supply- (a) Show the connection, (b) Det^ ^ 
maximum kVA the reconnected transformer can del^ 







Three-Phase Transformers 
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Chapter 4 

Three-Phase Transform 

4,1 Introduction 

The transformers used in the electric povver 


.. ,,, *s 

including generation, transmission and distribution syste 
called three-phase transformers. It requires step pinp 

" s U P o r 

stepping down voltages in the various stages of the 
n c P0vv er 

systems. Obviously, both primary and secondary wuidin,, . 

Ul gs, m 4 


«s 


three-phase transformer, must each have three phase wii^ 
for three phases. Tire windings can be connected in star as well 
as in delta connections. It can be noted that, all tire ph ase 
windings must be identical to make a balanced three-phase 


system A three-phase transformer can be built using two approaches: 
1. By suitably connecting a bank of three single-phase 

transformers [shown in Fig. 4.1], or 

tructing a three-phase transformer on a common 
Magnetic structure [shown in Fig. 4.2], 


pig, 4.1. 


A three-phase transformer bank. 



Fig. 4.2. A three-phase transformer in a common core. 


Advantages of a three-phase transformer wound on a common core 
0101 n tank of three single-phase transformers are: 

1 Lighter, 


2. Smaller, 


3. Cheaper and 



























































. iIV wye, or vice versa. As a result, the ratio 


Requires much less external wiring than ^ 




single-phase transformers and can typical^ 
higher efficiency. * 

Tfe rank of three single-phase transformers does ojjbr t|[e 

■' 0|| °toi| | 

jpantiges ever a three-phase transformer wound on „ Comil , 0)| 

1. Flexibility, 

2 . In the case of an unbalanced load, one or morp k. 

anst °tri\ et 

in the bank can be replaced by a larger or snvalle ^ 
rated transformer. 

3. In terms of maintenance, a malfunctioning transfoi 


/ e5£C ° ihp ut volta8e t0 ^ 3_PhaSe ° Utpul Milage 
$ 0 h aSe 

of tbe ^ upon the turns ratio of the transformers, but 


’finer \ 








iot 


also 


up 1 






they 


are co: 


innected. 




trarv 


vP 


eeh 


vO' 


iltag e 


the 


The 


turns 


ratio 


secon 


,daries 


sforirver hank can also produce a phase shift 
3 ,phase input voltage and the 3-phase output 
amount of phase shift depends again upon .the 
0 f the transformers, and on how the primaries and 
interconnected. Furthermore, the phase shift 


enables us to change the number of phases. Thus, a 


the bank of transformers can be easily replaced while th 
entire common core three-phase transformer would 
require replacement. 

4.2 Basic Properties of Three-Phase 
Transformer Banks 

Mle " teK s »g'®-pW transformers are used t, 
phase voltage, tire windings can be connected in 

several wavs. TVmc u, 

e primaries may be connected in delta 


feature 

3 . p hase system can he converted into a 2-phase, a 6-phase, or a 
12 -phase system. Indeed, if there were a practical application 
for it, we could even convert a 3-phase system into a 5-phase 
system by an appropriate choice of single-phase transformers 
and interconnections. 

In making the various connections, it is important to 

observe transformer polarities. An error in polarity may 

produce a short-circuit or unbalance the line voltages and 
currents, 


< 

i 

1 
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4.3 Transformer Winding n 

’SCon XN 

Designations 

First Symbol: for High Voha ge; A1 

cnrh :ic* C—\ t v . r 




^ c “' ,„«ends 


1 . 



H, 


such as: D-Delta, S=Star, N-Neutral 7 

’ 2 i Sza e 

2 - Second Symbol: for Low volt ace . *, 

6 Al Wav s 

} ^all i 

such as d=Delta, s=Star, n=Neutral ,-- 7 - % 

' z ~ Zl 8 *ag. 

3. Third Symbol: Phase displacement exp ress d 
hour number. Because there are 12 hours on a 

dlde ° UI ° f 360 ”' •* hour reptesents 

60 s , 3 = 90°, 6 = 180° and 12 * 0 ° or 3 ^. ^ 




f/ c aw a,, ”“ "“'"'"'p-Jiv 

'“ k ‘ Is upon which ways lornd lVlI , C(fe 

v „»a8«oi>h«rwiilhcm. p ha MminwHWw 

c0i)s arc used in a 3-phasc transform*, a 

#C ” , .ptions exist- The coil voltages can be ta . phl5e w 
" « above with the coils connected in star or delta and 

,\.ph a5G aS 

of a star-winding, have the star point (neutral) 


in 


c^e or 

v in an external terminal or not, 
ought out'to; 


three' 

as the 



Transformer has a delta connected primary winding (D) a sti , 
connected secondary (y) with the star point brought ou, (») * 

a phase-shift ol 30" leading ( 11 ). 

14 Basic Idea of Winding 

its illustrated in ti lc single-phase transformer, an ac voltage 
applied to a coil will • i 

UCe a vo ^ ta 8 e In a second coil where the 


:-phase system, there are six ways to wire the star 
e delta winding. These ways determine the phase 
ielation between the primary and secondary windings. In the 
subsections these ways to wire the star and delta 


following 
connections are presented. 
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A. 



V\'i 


Six Wavs to wire 



Delta Winding 
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4,5 Vector Grouping of Transf 0 r me |"x 


As mentioned before, the three phase transform, 

connected several ways. Based on the ® 


can be conn^~ - v- v lt t h e 

connection described in section 4.4, the vector groi)p 

transfonnerisdetermined. 

tne manufacturer indicates the transformer vector 


& 
of tL 


grou 


Pen 


f> Nameplate of transformer. The vector group indi ra| 

the 

phase difference between the primary and secondary ^ 
introduced due to that particular configuration of transform,,, 


windings connection. 

The Determination of vector group of transformers is very 
important before connecting two or more transformers in 
parallel. If two transformers of different vector groups are 
connected in parallel, then phase difference exist between the 


secondary of the transformers and large circulating current flows 
between the two transformers, which is very detrimental. There 
re several vector groupings of three-phase transformer. The 
m °5t common of them are indicating in Table 4.1. 





,Co^ 


vector grouping of the three-phase transfe 


inrier 


ffie P 


.base g : 


30 lead 

rouping is actually related to the circular rotation 


example, in Ydl, 1 means that the high voltage star 


lead the low voltage winding delta winding bv 3|J* 

winding w ’ 1 ' 


See Fig' 


. 4.5, 



Fig. 4.5. Vector grouping of Ydl 


Figure 4.6 shows a circle like watch where 0 indicates 0 phase 
difference, 1 indicates 30° phase difference lagging/ and so o 
indicated before. If we observe Fig. 4.5, we find the 
P a rallel to aibi, Bin is parallel to bici and Cm is P ar 

This signifies tlaat the fluxes of one winding will be full) 

v three-ph ase 

Will, the other winding in each phase of 
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Three- p lmseTr ansf^^ 

ot ““ "' pUt fl “ w “‘ be possible in 

, arrantema"- That is »l>y; Ydl is one 0 , ^ 
this type ot arrai b 


system- Th uS ' 


in 


m 




^ - conned ° ne tetmtaal 0i each **“* 

/ <lS to^ 

* tog^ et 


✓ 


''"f #> \ s' 4& 


important vector groupings- 



, i( #° 


./Mette rS ' W 


. c letters. 




The primary windings are denoted 

, Vp secondary windings are denoted 
ftile me 

vw0 different ways to connect the 
there aret 


,V 


fl! 


Fig. 46. Phase difference of vector grouping of Ydl 

4.6 Methods of 30 Transformer Connection 
4.6.1 Y-y Connection 

A Y-y connection for the primary and secondary windings of a 
three-phase transformer is depicted in Figure 4.7. 


i ” dtoS 10 hoW 416 P limarieS Windi1 ' 6 M the 

aCC The resulted two connections are 

are « M ' ecK ' 




,dat ie5 


ndVy6- 


phase displacement between primary and 
^ with suffix 1 in both primary and 


la 


n A 9 

B « 

C 

l^rir » 

i: o, l> : 

~nnr| 

r^ft; C; 

\h (» 

~orrj 

j Q 

Cj 

"VW'j 

<> ,i 

h 

<- 


are used as common terminal, voltages of primary 
secondary are . 

ad secondary are in same phase. That is why this connection is 

called aero-degree connection (0°-connection) 

The phasor diagram of the phase voltages and the vector 
group of this connection are shown in Pig- ^.8- 




Fig. 4.7. Y-v connected three-phase transformer (zero-degree 


h £.4.8. 


Ph'ITAv /I !(% rrvA d 


A Vector group 


bz 

of Yi/0 transformer 
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Chapter 4 


2 hr cc-I>l mc T 


5k 




f-Uf/j, 


and 


In YyC ( 180 -degree phase displaced), the terminals 
1 are connected together in primary as common p oin , 
terminals with suffix 2 in secondary are connected tog^ 
common point [see Fig. 4.9], the voltages i n p r i mary 
secondary will be in opposite phase, Hence, the transfi 
called 180 °*connection, of three phase transformer or Yye 


as 


0r mer i s 


.-1 


Jl 




n 


a, it, 

fit bj 


^4 

b 

pnrr 


C 


Ci 

pi t 


U 


b 6 


jvw 


Rg. 4.9. Yy6 connected three-phase transformer 


The phasor diagram of the phase voltages and the vector 
group of this connection are shown in Fig. 4.10. 


Al a 



% 4.10. 


Fhnsor ding 


rain and Vector 


group of Vi/6 transformer 


I/O 




fjotc* 


An 


3ly8 is of y-y transformer 



gofer l0 the Y-Y connection of the three- phase 
s l l0 wn in Fig. 4.11. 



Fig. 4.11. Wiring diagram of Y-Y connected 30 transformer 


- The primary voltage on each line-to-line of the three- 
phase transformer is given by 

V LP = V31V 

- Also, the secondary voltage on each line-to-line of the 
three-phase transformer is given by 
Vlj = V% 

- The primary-phase voltage is related to the secondary 
phase voltage by the wms of the ^former 

Vqs 
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_ 

Therefore, overaU voltage ratio on the V-V 

three-phase transformer is 


Vj£_ ^w _ fl 
V L s V3K W 


advantages oja U miectign are that: 

1 - We have access to the neutral terminal on each side and it 
can be grounded if desired. 

2- The electrical insulation is stressed only to about 58% 0 f 
the line voltage in a Y-connected transformer. 

The min disadvantages oja Y-v connection are that: 

1- Without grounding the neutral terminals, the Y-y 
operation is satisfactory only when the three-phase load is 
balanced. Therefore, it is rarely used due to the problems 
with unbalanced loads. 

2 - Since most of the transformers are designed to operate at 
or above the knee of the magnetization curve, such a 
design causes the induced emfs and currents to be 
distorted. The reason is as follows: Although the excitation 

1 rents aie still 120° out of phase with respect to each 
their waveforms are no more sinusoidal. These 


,1^ 


0 


-reform do not add up to an. If ^ 

“ „undod. *ese currents are forced to add up t0 ^ 

n0t 8 affed the waveforms of the induced emfs. 
fhus> ey 


0 m are connected )ij to form a 3<p transformer 

f,/230 V/ 0 

23 high' voltage SidC iS COnneded t0 3 3<P/ 4000 V ' 60 H z 

, pt ,n secondary « v^u. me neutral of the 
'1 17 


^> e! 


„i,. ar.a u 
supF^' 


irima r y 


t connected to the neutral of the supply. The 
between the primary neutral and the supply neutral is 


voltage 
measured to be 1200 V. 

Describe the voltage waveform between primary neutral and 
supply neutral. Neglect harmonics higher than third. 

b) Determine the ratio of (i) phase voltages of the hvo s 
(ii) line voltages of the two sides. 

c) Determine the ratio of the rms line-to-ltae voltage to *= ® 
line-to-neutral voltage on each side 
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Chapter 4 


V'ne-Phase 7 >, 


a ^K 




Tertian[ Windings 
In order to prevent the distortion in the Y-y connect 
neutral of the primary can he connected to the neutral 
source, usually by way of tire ground as follows; 


10n - th e 



4.6.2 


y.d Connection 


J c onri‘* tionf0 ' lhe primar) ’ ^ Secon<i *y wir^ ; 


►das' 


tr ansfo rmer is depicted in Figure 4 . 12 , 


fcC *OC’Ci \ 




.Another way is to provide each transformer with a third 
winding, called tertiary winding. The tertiary windings of the 
three transformers are connected in delta as shown in the 
following figure. 


»: Kvu 1 



Fig 4 Wiring diagram of Y-d connected30 transformer 

this connection, the primary line voltage is related to the 
primary phase voltage by V = •l%Y v . while the secondary toe 
voltage is equal to the secondary phase voltage V U »V B . The 
voltage ratio of each phase is 


They often provide the substation service voltage where tire 
transformers are installed. 


Vqs 


Therefore, overall tire voltage ratio 0 
three-phase transformer is 

V LP _ = y/3 a 

vTs' Vos 


the y-d connected 


Scanned by CamScanner 




















The Y-d connection has no problem with third-ham, 

arr noiij c 

components in its voltages, since they are consumed j n 


circulating current on the delta side. This connection is also 




stable with respect to unbalanced loads, since the delta partial) 
redistributes any imbalance that occurs. This arrangement doe 


have one problem, though. Because of the connection, the 
secondary voltage is shifted 30° relative to the primary voltage of 
the transformer. The fact that a phase shift has occurred can 
cause problems in paralleling the secondaries of two transformer 
banks together. The phase angles of transformer secondaries 
must be equal if they are to be paralleled, which means that 
attention must be paid to the direction of the 30° phase shift 
occurring in each transformer bank to be paralleled together. 


4.6.3 D-y Connection 

A D-y connection for the primary and secondary windings of a 
three-phase transformer is depicted in Figure 4.13. 


J J 



Fig> 413 


In 


i this co' 


Wiring diagram of D-y connected 3® transformer 
section, the primary line voltage is related to the 


primary 


phase voltage by V LP - V® P , while the secondary line 

k pnual to the secondary phase voltage V LS = >/%The 
voltage ib 

voltage ratio of each phase is 


1*E.= q 

Vps 


Therefore, overall the voltage ratio on the D-y connected 
three-phase transformer is 

V LS Ms ^ 

This connection has the same ad van tag 


and the samM se 


• ciiown in f'6 1 ^ 
The connection 

t a prutia 1 ) 

makes the secondary voltage g 


shift as the Y-d transformer. 
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Chapter 4 ____ 

4.6.4 D-d Connection 
A D-d connection for the primary and secondary vvin^j^ 

8 s 

a three-phase transformer is depicted in Figure 4.14. 



Fig. 4.14. Wiring diagram of D-d connected 30 transformer 

- The primary voltage on each phase of the three-phase 
transformer is given by 

Vlp = bp 

■ Also, the secondary voltage on each phase of the three- 
phase transformer is given by 

^LS = ^05 



The primary-phase voltage is related to tire secondary- 
phase voltage by the turns ratio of the transformer 



— 

overall the voltage ratio on a* D 

. ase transformer is 


Vjp _ V$p 
V^LS V$S 


V Connection 

4.6.5 

» connection of three single-phase 

in th e A 


transft 


■°ni\ers, one 

ortner can t* reml:>ved "* s V ste » «sffl deBttI 
' ptia5 e power to a three-phase load. This corfigm^ * 

as an open-delta or V connection. It may be employed in 
^emergency situation when one transform 


for repair and continuity of serv. 


tier must bi 


« removed 


ice is required. 


Consider Fig. 4.15, in which one transform! 
removed. For simplicity, the load 


er, shown dotted, is 


connected. 


is considered to be Y- 




Fig. 4.15. 


Open-delta connect' 01 
























Three - 


• pJl «sc Tra„ 


Figure 4.16 shows the phasor diagram for volt a g es 


- 

^.IV*!*."^****.^ 


,. Conner 

* ,l ’ t l la ' = ' kK cm ™ a 


rating 


currents. Here V„. V K and Vc» represent fce 
voltages of the primary; V.b, Vbc, and V ca represent the li^ 
line voltages of the secondary; and Van, Vbn, and V cn rep rese 
the phase voltages of the load. 


load. 


dary "" “ ° f ^ 

^ prondary winding and 9=0 for a resistive l 0 

eliveted to the bad by the V connection is 

po^ er 




p v = P a h + Phc “ 2V] COS 30° 


„ , hree transformers connected in delta, the 
iith ah tm 


With 


power 


deb e: 


>red is 


Pa = 3VJ 


Thus 


Fig. 4.16. Phasor diagram of open-delta connection 

For an inductive load, the load currents I a , lb, and l c will lag 
the corresponding voltages V an/ V bn , and Vo, by the load phase 


anae o. 


2 ra,isformer windings ab and be deliver power 


P v _ 2 cos 3Cf 


Pa 


3 


= 0.58 


The V connection is capable of delivering 58% power without 
overloading the transformer. 






P .l> - I'll \J:< cos; 30 - n) 
= v d> / c COS! 30 - o) 
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Y-A: 


step-down 

connection on the HV side reduces insulation costs; 

neutral point on the HV side can be grounded, stabl 

with respect to unbalanced loads. 

___ 


the 


A-Y: 


Commonly used in a step-up transformer forthel^- 

reasons as above. 


A-A: 


Offers the advantage that one of the transformerTcan^ 

removed while the remaining two transformers can 
deliver three-phase power at 58% of the original bank 


Y-Y: 


The main advantage of a Y/Y connection is thatwehave 
access to the neutral terminal on each side and it can be 
grounded if desired. Without grounding the neutral 
terminals, the Y/Y operation is satisfactory only when 
the three-phase load is balanced. The electrical 
insulation is stressed only to about 58% of the line 
voltage in a Y-connected transformer. Rarely used, 
problems with unbalanced loads. 




r 

^>^ vol,ase ° n 38 kV, 04 , 6 “ Vto ^'P»»,l 


^ turing P^ The P lant dra *s 21 MW al 
. 


an^ ctul “' 0i . 


ooV er 


factor 


of 86 percent. Calculate: 


P a ) The apparent power drawn by the plant 

b ) The apparent power furnished by the HVline 

c ) The current in the HV lines 

d ) The current in the IV lines 

e ) The currents in the primary and secondary windings 
of each transformer. 

Solution: 

fl.The appearent power drawn by theplantis: 

S = P/cosp = 21/0-86 = 24.4 MV A 
b. The transformer bank itself absorbs a negligible 
active and reactive power because the 1 * lo > ses 
.active power assoc— 

t r0 wer furnished by 

fluxes are small. It follows that the a PP aren 
the HV line is also 24.4 MV A- 
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Three-Phase 




Recurrent* each HV line is:- 
S 24^I£l = i02 A 


A = 


Jy*V t S *13800 


d. The current in the LV lines is.- 

,_5__24.4 > 10‘__„ !ifi/ ( 

fiy 2 75*4160 

e. Hie current in each primary winding j s . 

I =i^ = 58.9i 

’ A 

The current in each secondary winding is: 


f Because the plant load is balanced, each transformer carries 
one-third of the total load, or 24.4/3 = 8.13 MVA. 

The individual transformer load can also be obtained by 
multiplying the primary voltage times the primary current: 


S=E r l r =138000 *5Z.9=U3MVA 

Note that we can calculate the line currents and the currents in 
the transformer windings even though we do not know how the 
3-phase load is connected. In effect, the plant load is composed of 




^dividuaUoads, some 

0 



^r 5 i^ e ' rU,tem0rC ' S " e ”' S ^-PV^ 

d£lta ' . g at <«uch lovuer voltages than 4160 V, ^ 

4 ’ e5e nted by box - 
, re prese^ teauy 

\o^' iV 


plant. 


The s 


SUm total of 

reasonably w* 1 ' • 


' "well-bale 


’anced 3-, 


■phase 











Example Tim single-phase step-up transformers rated at 

JO 

MV A, 13,2 kV/SO kV are connected in dclla-unje on a 13,2 ^ 
transmission line, If they feed a 90 M VA load, calculate the following, 

a. The secondary line voltage 

b. The currents in the transformer windings 

c. The incoming and outgoing transmission line currents 




Solution 

The easiest way to solve this problem is to consider the 
windings of only one transformer, say, transformer P. 
a. Tire voltage across the primary winding is obviously 13.2 kV 
The voltage across the secondary is, therefore, 80 kV. 

The voltage between the outgoing lines 1,2, and 3 is: 

('',=80*73=139 kV 


■— - -—— _ 

= 8(W3 = 139 kV 
load carried by each transformer is 
5 = 90/3 = 30 MVA 
Recurrent in the primary winding is 
j s= 30 MVA/13.2 kV = 2273 A 
Thc currc nt in the secondary winding is 
\ % ca 30 MVA/80 kV = 375 A 

. xhc current in each incoming line A, B, C is 
/ = 2273 ^3 = 3937 A 
The current in each outgoing line 1 , 2 ,3 is 
/ = 375 A 


















Chapter 4 


Three- 


Phase Tra 



Example 

Three single phase, 30 kVA, 2400/240 V, 50 

' rn 'er s 

are connected to form 3 2400/416 V transformer bank 7-1 

me 

equivalent impedance of each transformer referred to the ^ ^ 
voltage side is 1.5+j2 S 2 . The transformer delivers 60 kW at 0 75 
power factor (leading). 

(a) Draw schematic diagram showing the transformer 
connection. 

(b) Determine the transformer winding current 

(c) Determine the primary voltage. 

(d) Determine the voltage regulation. 

Solution: 



scoonda7 ol R 



__ 2400=10 

240 

1 * 1 ^ = 11 . 103,4 
V" 10 


, -11 103*^3=19.231 ^ 
hi' 

= 2400^0° V, =11.103^41.41’^ 

= 2400 ^0+11.103^41.41“ *{l .5+;2)=2397.96Z0.66T 


_ 2397.96 - 2400 », 00= _ 0 .0875% 
2400 
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Chapter 4 


Three- 


P/,a * Tr a „ 


4.7 The Transformer Nameplate 

A typical nameplate from a distribution transformer is shown j 
following figure. The information on such a nameplate i 
rated voltage, rated kVA, rated frequency, and the transfo; 


inc| U( | 


les 


>rmer per. 

unit series impedance. It also shows the voltage ratings for ead 

c tap 

on the transformer and the wiring schematic of the transferee 
Nameplates such as the one shown also typically include the 
transformer type designation and references to its operating 


instructions. 
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Sample of Review OuesHnty ^ 

62. Sketch the four possible ways of connecting thr 

phase transformers as a three-phase transformer c 

‘ tate th e 

advantages and drawbacks of each connection. 

63. Explain why the open-delta transformer connecti 0 

is 

limited to supplying 57.7 percent of a normal delta - delt 


.bank's load. 


uansionner u3.r 


64. Three lq>, 10 kVA, 460=120 V, 60 Hz transformers are 
connected to form a 3q>, 460=208 V transformer bank. The 
equivalent impedance of each transformer referred to the 
high-voltage side is l+j2 £2. The transformer delivers 20 kW 
at 0.8 power factor (leading). 

(a) Draw a schematic diagram showing the transformer 
connection, (b) Determine the transformer winding 
current, (c) Determine the primary voltage, (d) Determine 
the voltage regulation. 

Three 1<t, 10 kVA, 460/120 V, 60 Hz transformers are 


connected to form a 3 1/) 460/208 V transformer bank. The 
equivalent impedance of each transformer referred to tlw 





Nets 


^voltage is + a. 

2 o kW at 0.8 power factor (leading). 

(a ) Draw a schematic diagram showing ^ ^ f 
connection, (b) Determine the tr^ 

Ending 

current, (c) Determine (he primary voltage. 

[he voltage regulation. 


are 


65 . Two identical 250 kVA, 230~460 V transformers 
connected in open delta to supply a balanced 3cp load at 460 
V and a power factor of 0.8 lagging. Determine 

(a) The maximum secondary line current without 
overloading the transformers. 

(b) The real power delivered by each transformer. 

(c) The primary line currents. 


added to complete the 
teal power that can be 


(d) If a similar transformer is now 
A, find the percentage increase in 
supplied. Assume that the vote6< W<1 ** 

. , , ll460 Vau«»^^ 

remain unchanged at w v 


factor 
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Instrument Transformers 



Chapter 5 

Instrument Transformers 


g \ Introduction of Instrument 

Transformers 


ln5t rument Transformers are used in AC system f 0l 
measurement of electrical quantities i.e. voltage, current; power, 

energy/ P ower fact0r ' frequency ' lnstrument transformers are 
also used with protective relays for protection of power system. 
Basic function of Instrument transformers is to step down the 


AC System voltage and current. The voltage and current level of 
power system is very high. It is very difficult and costly to 
design the measuring instruments for measurement of suchhigh 
level voltage and current. Generally measuring instruments a 

designed for 5 A and 110 V. 


The—entofsuchv^^e.^,-^ 

be made possible by using tte tot™'"®’ W 

* rr instruitt^ 5, 

these small rating measuring 


Therefore, 


these 


In 3 



\ 
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CtofWS__ _„„ s 

instrument transformers are very popular in modern 



system. 



5.2 Advantages of Instrument 
Transformers 

1. The large voltage and current of AC Power system can be 

measured by using small rating measuring instrument i.e. 
5 A, 110-120 V. 


) using the instrument transformers/ measuring 
Umen * s can standardized. Which results in 
mcfion of cost of measuring instruments. More ever the 




need measuring instruments ^ ^ 

da”* 8 'P'wtd 

***** ttansfoimers proviie ^ 
^een high vottage power cvcuit w ^ 

instruments- Which reduces te eiechicat ***, 

requirement for measuring instruments and protective 

circuits and assures the safety of operators. 

4 Several measuring instruments can be connected through 
a single transformer to power system. 


5 Due to low voltage and current level in measuring and 
protective circuit, there is low power consumption in 
measuring and protective circuits. 


5.3 Types of Instrument Transformers 

Instrument transformers are of two types - 

1. Current Transformer (C.T.) 



2. Potential Transformer (P.T.) 
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ier s 


CliapterS ____ 

5.3.1 Current Transformer (C.T.) 

Current transformer is used to step down the CUrretu ^ 

power system to a lower level to make it feasible to be 

by small rating Ammeter (i.e. 5A ammeter). A typical connect^ 

diagram of a current transformer is shown in figure b e l Qvv 



Hr* 


soft 0 


nC eS 


tet* “ e “ 9 >- 'W* ta tanK 

/ 

of insulation breakdown and piolett 


reduce 


iers 


the 


0 P e rato T 


K 


phase A.C 
Supply 


S voluse ' More CT " taore ^ * 

secondary is short circuited through a switch '5 


al# 1 


,etet, 


sbo 


ivA 1 


i„ figure above to avoid the high voltage Wi 4 up 


the sec 


power conductor 


current —► 


sho' 


ondary. A mme ? late oi «* ™,ent t,*^ 
ju the following figure. 





C.rctod Cvaaertten 

tfarVifrtf, 


Switch rUikPaWfon. 
UKcQ no ^c| nK At», n o U . r 


Network voltage characteristics 
Rated Insulation voltage. M .$ kv 
Power frequency withstand voltage; ^ kV i m 
Impulse Withstand voltage: 9S kv p^k 


0 5 A Ammeter 


CT tianiani 


Safety 

tar^F) 


Primary of C.T. is having very few turns. Sometimes bar 
primary is also used. Primary is connected in series with the 
power circuit. Therefore, sometimes it also called series 
transformer. The secondary is having large no. of turns. 
Secondary is connected directly to an ammeter. As the ammeter 
s having very small resistance. Hence, the secondary of current 
mcr operates almost in short circuited condition. One 
^ ar ) is earthed to avoid the large voltage on 



0T serial number 
vitthyea' 01 

foanufofAOtfc 


Network 
ament 
characteristic 
Vtt^SHArU 
l^iSlSkApeak 


Ratio 


uacyfoiit 

to(tlF) 


\ primary circuit Accuracy 

1 secondary circuit 1ST - A $2 power 
A secondary circuit 2S1 * 2S2 
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Charters 




5.3.2 Potential Transformer (P.T.) 

Potential transformer is used to step down the v 0 | ta 

power system to a lower level to make is feasible to be niea 


So of 


^recj 


bv 


■V small rating voltmeter i.e. 110 - 120 V voltmeter a 

‘ A wp 


teal 


connection diagram of a potential transformer is show 


below. 


*8% 


ire 


3-Phase 
A.C. Sssteiu 





Primary’ of P.T. is having large no. of turns. Primary is 
connected across the line (generally between on line and earth). 
Hence, scene,™ i, is also called the parallel transformer. 
Secondary of P.T. is having few turns and connected directly to a 
As die voltmeter is having large resistance. Hence, die 
»f a P.T. operates almost in open circuited condition. 
°” , ™ ra, SKOn ^' * K. is earthed maintain the 



voltage with respect to earth, which 



ass ure$ th e 


safety 


nC^ orS ’ 


5.3.3 Difference between C.T. and P.T 

dif ferences between C.T. and P.T. are & ted ^ 




I connected in series with power |. ConnectedM^f 


lliLUll. 




Secondary is connected to § Secondary is cbigdgp 
2 ' _ Ammeter, | . toVoltmeter. 

: i . i =,. Secondary works almost 


yKs 


Secondary , works almost in 
short circuited condition. 


.'vV-;,. jy 

1 y 


n\ open circuited 
condition. 


;; Primary current depends on | Primary cunent depends 
* ‘t power circuit current. \, on secondary burden, i 

• '■ . : - .• .vet { 

. ...... — i 

■i| , . . 7 V , . • . i Primary current arid 

t, Primary current and exatation i . . 

,v 1 exatation vanabon are 

5 n vary over wide range with ., ,, .. 

H 1 b restricted to a small 

change of power circuit current 
. j!' ° t range. 


One terminal of secondary is One terminal of 

6 earthed to avoid the insulation secondary can be earthed 

break down. 

7 Secondary is never be open 1 Secondary can be us 

7 circuited. open circuit condition. 
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Instrument 


Transfo 


^1° nf Review Questions (5) 


66. What is a potential transformer? How is it used? 

67. What is a current transformer? How is it used? 



Scanned by CamScanner 







* current transformer « ,| 


( 2 ) 


(3) 


(4) 


(5) 


(6) 


Under operating 
short-circuited to 
(a) prevent a core saturation 

(V) avoid hieh-voltages on the primary 

(c) avoid high-voltages on the secondary 

(d) none of the above 

For parallel operation of transformers, the per-unit impednnces of th e 
transformer must be (based on their own kVA rating) 

(a) proportional to ratings 

(b) equal 

(c) inversely proportional to ratings 

(d) none of these 

If the secondary winding of the ideal transformer has 40 turns, the number of 
turns in the primary winding Tor maximum power transfer to the load will be 
. w ben the supply and load has impedances of 20 and 80 respectively. 

(a) 20 

(b) 40 

(c) =14 (d)80 

A 2 kVA transformer has iron loss of 150 W and full-load copper loss of 250 W. 
The maximum efficiency of the transformer would occur when the total loss and 
per-unit loading are 

(a) 400W, 0.775 

(b) 400W.0.6 

(c) 300W, 0.775 

(d) none of these 

Power transformers are usually designed to have maximum efficiency at 

(a) 50% of full-load 

(b) 85% of full-load 

(c) near full-load 

(d) near no-load 

The voltage regulation of transformer at 50% of full-load and 0.85 power factor 
lagging is 2.5%. The voltage regulation at full-load and 0.8 power factor agg 
may bf 
(3) -2.5% 

(b) 4.5% 

(c) 2.5% 


"0% 


,, for 25 Hi- » 

<****?*% .— 


” « 0. " r "T';' l curreritk'Ss»i«»««»«*• 

. 


pfo. F ' ux 


( 8 ) 


( 0 ) 

(to) 

(C) Swr»«* on ’ stan t voltage- insulation will^ 0l ^ iU ,o, r ansformer 


s^^stan. voltage, insulation will not be overs,tessed. 


(9) 


nower a‘ 4,0 

if! Ipen-deW connection of ^l 

fJlwVr reduced by- 

(a) 58% 

(b) 8° % 

(c) 42% circuit test meter is 1 

HO) If the transformer 

connected to the | 

I (a) secondary 

(b) primary 

» - " 


nnpstioP 


Appoints, 


a » av*. “'ll 

open-circuit test (220\,v W 

' 50% »r«**»*” d v 

X-' is 























(0 


fe) 


lent 


... the following load-cycle: 
jfthc transformer has 

ratine as a base, derive the approximate eq u j Va | 

Taiine the transformer ranng » 
dreuifof the transformer in per-unit. 

. showing how this transformer can be reconnected as a 
(i) Draw a sketch she•8 determine (I) the power rating S t0 , (II) fte 

(HI) .he power transferred by 

anH flV) the saline in copper weight— — 


30 Points 


- _ _j_ ^ x uinrc 

are the conditions lor satisfying parallel operation of three-ph^ 

the open-delta transformer connection is limited to supplying 
<77 % of a nonr*aJ D-d transformer bank s load, 
ftfrtt-phase transformer bank is to handle JOO-kVA and have a 34.5/11- 
iV voltace ratio. (1) Draw the following table in your answer and Fill 
!t ' W ith the rating of each 

individual single-phase transformer in the bank for the 


J II OBI OIW U1V OUUJJVUUV1W XWVll - 

(III) What are the advantages and disadvantages of each 
connection? _ 


a yen 

1 Connection 

Primary 

voltace 

Secondary 

voltace 

Apparent 

power 

Turns 

ratio 

— 

y-y 





Y-d 





D-y 





D-d 





Open-delta 







thc_properues--- 

.^'''T'T^IOO-V, step-down ideal transformer delivers a rated load 

A 22-k vA ; 21 r factor of 0.8. Determine: 

8,18 ffe’secondary winding current, 

a) * Lmarv winding current. 

b) the P n, “ ’ the secondary side as a parallel combination 
C J the imped ancc 011 

and on the primary side as a series combination of R, and A', 

d y the impedanc e on v_ - - 

- T _ 15 Points (4- 

(uestionj. 


tvoiLf———rr 0 f. 

Sketch the v^tatton^ of a ^ 5 ( 001 ^ against the secondary current 

b againSt the ‘° ad “ a ' difrt " m 

b) load power factor- 


IttUlVi__ —- 

-fnrmer taps'! Why are they used? Classify the types of 

_ 


111 


transiuinivi- — - ___ 

primary winding. f this transformer at each tap setung? 


' ---j- runm 

RL-omsn x», 

Tilt transformer Dtie:im«' : 

and a power factor of. ^ )oss d cotl dirions 

a) the core loss and the PP latio n at this I the va 

b) the efficiency and the 

c) the per-unit load>nE fthetransform er faClotJ - c 

maximum efBci* > p - 


d) the 1 


can bf 


11 What i 
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Fill the to 

Question 

1 

2 

Ani*«n 




No load losses m a 


a) 


silicon content and very b) only high silicon content 


d) low silicon content and verv tv 
lamination y h,n 


12 ] 


PI 


Ifl 


15] 


16] 


n 


pi 


pi 


high 

thin lamination 

c) only vety thin lamination 

The tan changer in an electrical power transformer is provided on 
a) both LV and HV winding b) LV winding 

c) either LV or HV winding _ d) HV winding 

In a transformer the voltage regulation will be zero when it operates at 
a) unity pi « leadm 8 P' f ' . 

c) lagging p.f. P*^« leading. 

A two-winding single phase transformer has a voltage regulation of 4.5% 
at full-load and unity power-factor. At full-load and 0.80 power-factor 
lagging load the voltage regulation will be 

a ) 4 5 % b) less than 4.5% 

c) more than 4.5% d) 4.5% or more than 4.5% 

A 1:5 step-up transformer has 120 V across the primary and 600 ohms 
resistance across the secondary. Assuming 100% efficiency, the primary 
current equals 

a) 0.2 Amp b) 5 Amps 

c) 10 Amps d) 20 Amps 

In a three phase transformer, if the primary side is connected in star and 
secondary’ side is connected in delta, what is the angle difference between 
phase voltages in the two cases? 

a) delta side lags by-30° b) star side lags by-30° 

c) delta side leads by 30° d) star side leads by -30° 

The polarity' test is not necessary for the single-phase transformer so as to 

correctly determine_of the transformer. 

a) excitation branch parameters b) transformation ratio 

c) series branch parameters d) parallel connection 

MTien two transformers are operating in parallel, they will share the load 
as under: 

a) proportional to their b) inversely proportional to their 
impedances impedances 

C) 50% - 50% d) 25%-75% 

t maximum efficiency for a transformer occurs at 80% of full load. Its 
core loss i s p c and copper loss is P„ at full load. For this transformer, the 
ratioofPn/Pcis 
a) 0.8 


b) 1.25 


c) 


n64 , . . d ) l -5625 

c ) T°P strength 


core 


type 


,H1 


[0 ^ nrovidc^^ 1 v -- ^ - provide mor . ' 

c ) length mec banical 

former primary is connected to a square wave volt.. 


oUtP ut A5C , u aie^ve 


b) A sine wave 
d) A pulsed v 


,171 


,131 


,14] 


,15) 


e) * u ‘“' c ^ 

.station there is one 132 / 33 kV transformer whose , fftl , 
> fin9S ,!d with primary of one 33 / 11 kV transformer S?" 
c0 nne ctcd ri on ratio of the substation will be ’ toial 

tr ansf° rinflno b) 12 

a) 1 d) 3 

C) nrimary winding of a UM HMMi transformer is supplied from l ]0 
The P r,m J Th* «* r ondary output voltage y»\\\ be ^ 

Ejaai’v. H 15 V 

*> fov d > m 

c) If induced in the primary of a transformer 
Tbe em . _ w* uiith the flux b] tags be 


116) 


,17] 


,181 


mf induced in tne primary ui a uauMurmcr 
he e , s in phase with the flux b) lags behind the flux by 90” 

\ leads the flux by 90° d) is in phase opposition to that of 

c ) flux 

kV a 220/440 V, 50 H; , single phase transformer connected to 220V, 
vnH* supply with secondary winding open circuited. Then 
Both eddy current and hysteresis losses decreases, 
w Both eddy current and hysteresis losses increases. 

' Eddy current loss remains the same, but hysteresis loss increases. 

% eddv cunent loss increases, but hysteresis loss remains the same. 

. JL kV a single phase transformer has a voltage ratio of 6600 1 5000 V. 

If the emf per turn is 8 V, calculate the number of turns on high voltage 

and low voltage side. 625 & 825 

% 600&800 l 500 &66 ° 

Secondary current of a sttpdowo transforms 

a) lower tlianpnmary current °) d ^ k lhar pr i ma iy ament 

c) equal to primary cunent transformer is capable of 

The open delta connection of the three-ph overloa ding the 

delivering a power reduced y - 

transformer. ^ 42% 

a) 58% jy 30% , mi 

c) 50% . , f ,Oo\v..M half load the loss w. 

Full load copper loss in transformer is 


,19] 


,20, 


be 

a) 400 W 
c) 3200 W 

Distribution transformers arc 

efficiency at 

n\ * SO % of full load 


b) 1600 W 

d) • C ’ 40 d°l have ma«nu>"> 
usually dcsig ne 


b) «° io! 


jf full load 


load 
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same 

e) kVA ratings 

g ) 0 f t«o transformers operating in n^iip) 

& !f J:L^ai in shape and size, the two transformers will 


f) voltage ratio 
h) polarity 


u ~ h0 i^^ar-ce tnangies ^ irrv « 

■ J !he '7i«Hcal in shape and size, the two transformers will 
arenotident b i get heated unequally 

a) share the oa d j run with different power factors. 


123) 


[24] 


ASepupTaSormer has 120 V across the primary and 600 ohms 
resistance across the secondary. Assuming 100% efficiency, the 

Primal current equals 5Amps 

5 ]D Aj^ps h ) 20 Amps 

When two transformers are operating in parallel, they will share the 


to their 


o 

h) 


inversely proportional to 
their impedances 
25%-75% 


g) frcquenc 

y 


h) 


curren 

t 


load as under 

e) proportional 
impedances 
gj 50% • 50% 

125] A transformer transforms 

e) voltag f) impcdanc 
e e 

J26] Transformer core is laminated in order to 

a) simplify its construction b) minimize eddy current loss 

c) reduce rest d) reduce hysteresis loss 

|27J The primary winding of a 2200/720 V, 50 Hz transformer is supplied 
from 7100 V, 00 Hz source. The secondary output voltage will be 
o) 60.0 V /) 50 V 

g) 72.0 V h) None of these 

|26J In a transformer, (he leakage flux of each winding is proportional to 
the current in lhal winding because 
a) Ohm's law applies to b) leakage pallis <' CI " ol 

magnetic circuits saturate 

0 the two windings are d) mutual Hux is coniine^ to 

electrically isolated the core, 


p»l 


090/440 V, 50Ji2, single phase transform,, P „ 

5 KV n A M^upply wlth sec ™ iivy ^nllngopencircm^S 64 to 

j 0 V, iltffJy current and hysteresis losses decreases 

c ) bo»n dd J nenl and hysteresis losses increases 

0 Sy current loss remains tire same but hysteresis loss increases 

srrsjrssa 

v°l‘ a ^ 2 a 5 n & 625 l 

6 \ 600 &8°°__ - 

^1—^-rjrnrMse (*) «>td correct the false statement 


^ 7 a 01 the - 

^fiormer may be operated 
H* with a 60/50 percent higher 
at 5(> ^ Juris action does not cause 

0 f *e ideal 

Ne ^ the numbeI 

transform ^ ^ winding for 

of Wm m riower transfer to the load 
*mCo5Np turns when the supply 

^l£LS£ri-p—— 

f .I )iini‘-"'" n,te,s ° pm 

I ■frtlV , p.‘ > s are in-phase.-— - 

proportional to the turns of ^ 

| windin gs--4<W 

turns Sketch the waveform ot 
winding. 



i k*' 
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Time -»* 




mlnutPH 

;p M3 xn Electric Model-A 

Machines (2) 

Student Name - - | 10 

—"■"T" /0r 

Fill the table with Vie c __ 

.infp-mentf ,, „ | up EH ...B^lc PIl B r 

jQuestlonj||I 

-—-irtrfcVA^pacity produced 

[31] The marked i _ antotransfomer Is due to 


2q 


nng 



fuiidamental to the 

of y.:rs.Ws*< current 
fh;e tc k/ids 




?• '■ * -• 


j. suppression of harmonics 
!; provision of dual son'll 


b) 86.6 c) 42.3 

*) 57 ft 7 pd bank is converted into an open-delta co2l, 
V/he 11 a , tvV0 remaining transformers supply on > 

p" .*"™ 

Oil W>f‘ I,) 2B.!S '-) tt.5 () 

•> ’; hI .o-ph»« d » *»»» i» Fit., it. ; w , 

P- 

h)WH e) I *!»• 


‘Jl 


- Z.A increase in kVA cap^.v, r -■> ~-“uect mg 

he marked aQ au totransfomer is due to 

a 2 -wiudlng trans or increase in secondary voltage 

l SltS- l > conductive link between^. 

Cu achieved by converting a 2-winding 
!32] Tr ' S former into an autotransformer is determined by 

,,“25 mrimlta I) load on Ihe oocondary 
. « Pm of the transformer core. 

.„. rtwfm v, 5 kVA, two-winding transformer is to be used 
* . ai^autotransformer to supply power at 480 V from 1,600 V 

Xnlv The kVA rating of the autotransformer will be 
" ** 0 jrj 25 1) None of these. 

autotransformer having a transformation ratio of 0.8 
1 ' replies a load of 3 kW. The power transferred conductively 
c, r „ n-i-narv to secondary is. kW. 

fc) 0.6 b) 2.4 c) 1.5 

^ ^ autotransformer having a transformation ratio of 0.8 
•-"plies a J 0g ^ 0 r 10 fcft'. The fcW transferred inductively from 

primary to the secondary is 

} 10 bj S c) 2 d) None of these, 

•y; In a three-phase 7y transformer connection, neutral is 


»r y \\'C- 

When er. open-delta svstem is converted into n ' * 

of thr «v»ten: .. 


, n9e shift of Yil transformer is 
TheP ha3 b) -30° 

l 401 a ) Zero 


of 


30° 


d) None of these. 


Best iLi3h.es • Dr. Sheri/ Mmr 


T'WJt.f 


5. A' 
V 


'he 


:nrrfc?oe ir. raneci* 




Scanned by CamScanner 

































I_ _ _ 25 Pointst Tn^^^. 

wh«n its s^d.^Sjjia. 

i ^Vd®ft.wt«fon.oto.»c»n«.n 

I I 1 Stoguis^^-een the components of ftus current, 

i ; fj Hew Le components are modeled in the transformer equival^ 

ir^e'ofThe fliuTcreated by the^sformer windings kno^ir^ 

“ le'Sae fta. te»«s *e core and complete its path through the air.” 
c) ~How can the leakage flux be minimized. 

4 Is it possible to have no leakage flux? 

c) v.T-y is it modeled in the equivalent c ircuit as senes "i ,, 

a distribution transformer, the maximum efficiency occurs at 50% 
of the full-load . 

2 ) What does this mean? I 

b) If the operating frequency is increased, what happens to the load I 
current a t maximum efficiency? _ 

p y ’ N"re- 2 transformer is connected to a 1QOO-V, 50-Hz supply the core loss 

’ is *1000 W, of which 650 is hysteresis and 350 is eddy current loss. If the 
applied voltage is raised to 2,000 V and the frequency to 100 Hz, Qndjhe 1 
new ccreJo?siS 




a) the voltage regulation of a transformer against the secondary 
current at different load power factor 

b) the efficiency of a transformer against the load current at different 
load power factor 

A 6-kVA 250/500 V, 50Hz, step-up transformer has the following 1 
parameters: 

K rt « 0.174 Cl X,j = 0.3786 fl 


R c =781.25 0 X K = 314.350 

If the standard no-load and short-circuit tests are performed on this 
transformer. What are the approximate reading of the instruments. 
Determine the primary voltage, voltage regulation and efficiency at 
full-load conditions and 0.6 power factor lagging? 


."worst-case voltage 

oer-unit loading at maxW. 


the per-unit loading at ' 

>) CaK mdne the maximum efficiency? 

m w'lmt pet-unh loading does the efUdencv U 9> \ 

la66U ^!ne the AU.-DAX effidenev. li N e . , 

npte - road-cycle: No load for 6 hours,70% Mi , 0 ^ w *us M 

o \ 


1) 


k) ? go win8load-cycle: No ... 

1 08 power factor and 90% full-load ' 

1 nn\V pr j jC^ 0 - - 

—^ebesl Prof. Ahmed Shobier 
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No. i.rri»E2i 


: 4 


Aum.pt to solve the following question* *. 

An»yr» rlmnl'l l» p rtwl I'V itches w you m 

Question j 


25 Points 


aitaas n i-.HM". ^ 


!i»r: {VcT'ificaf'jnri nf ,. 


choice 


A MUST w hw numerical datfl.arc ofacn), 

changing 



Total Sc.orot 


[41] A transformer does not possess 
property. 

b) impedance b) voltuge c) current 

[42] Transformer core is laminated in order to 

b) simplify its construction b) minimize eddy 

current Iosb 

c) reduce cost d) reduce hysteresis loss. 

[43] In the transformer _ winding has got more cross 

sectional area. 

a) high voltage b) low voltage c) primary 

[44] If a transformer primary is connected to a square wave 
voltage source, its output voltage will be 

a) square wave b) sine wave c) trmngularl 

[45] At 50Hz operation, a single-phase transformer has hysteresis 
loss of 20QW and eddy current loss of 100W. Its core loss at 
GOHz operation will be 

*) «2W b) 40GW c) 384 W 

M Tllf; primary winding of a 2200/120V, 50Hz transformer is 
supplied from 1100V, GOHz source. The secondary output 
voltage will he 

y i hi 50 c) 72.0 d) None of 

. these. 

1-17; A 2kVA transformer has iron loss of lf.OW and full-load 

pper loss of 250W. The maximum efficiency of the 
-^forniCTu-onld occur when the total loss is 



‘*>Jl 
'J I 
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^Tand again these » - 

load- , he leakage flux of each winding , 

[56 ] In a tran *°" th e’ curren t In that winding because 

e) p rx ° iettkRgepftthBdonot8atut ^ 
g) •» «:r nuxisconf,nedto% 

Intl^fomer fed from a fundamental frequency of voltag 
source, the source of harmonics Is the 

6 ) overload b) poor insulation c) iron l 0ss 

The marked Increase in kVA capacity produced by connecting 
a 2-wind, ng transformer as an autotransformer is due to 
m)' increase in turn ratio n) increase in secondary voltage 

u) iiuieaor in Uansiuimer V) coudncUve auk between 

efficiency 

The saving in Cu achieved by converting a 2-winding 
transformer into an autotransformer is determined by 
i) voltage transformation ratio j) load on the secondary 

k) magnetic quality of core 1) size of the transformer core, 

material 

[60] A 480/120V, 5kVA, two-winding transformer is to be used as 
an autotransformer to supply power at 480 V from 1,600 V 
supply. The kVA rating of the autotransformer will be 

a) 5 b) 15 c) 25 d) None 

[61] An autotransformer having a transformation ratio of 0.8 

supplies a load of 3 kW. The power transferred conductively 
from primary to secondary is.kW. 

e) 0.6 f) 2.4 g) 1.5 

[62] An autotransformer having a transformation ratio of 0.8 

supplies a load of 10 kW. The kW transferred inductively 
from primary to the secondary is 

e ) 10 f) 8 g) 2 


[57] 


[58] 


[59] 


[63] 


[ 64 ] 


e ) 10 f) 8 g) 2 h) None 

When an open-delta connection is converted into a Dd bank, 

the power rating is increased by.of the original load. 

p ) 57-7% f) 173.3% g) 42.3% h) 73.3% 

In a three-phase Yy transformer connection, neutral 
fundamental to the 

) I assage of unbalanced currents b) suppression of harmonics 
due to unbalanced loads 

of Phase voltages 


re9V tbr ee-pha6e Dy transformer shown In F,g. 1 

,, l* 1 a ont of secondary line voltages with J’ 6 P ^ e 

i' 6 ’ 

o m ""' e s 'f 

1 lead 


are 


_ _ _____1-L°^t6 

f >a and correct the, fab^^ 

dra» « no-load cumnt „k» 

‘ ’ b shotted. 

In practical transformer, the terminal voltages are in-phase 
Thc currents In the windings of an Ideal transformer » 

8 inversely proportional to the turns of the windings 
io\ if the rating frequence; cf the transformer Is 5Q-Ha, th 
transformer may be operated at 60-Hz with a 60/50 percent 
higher voltages if this action does not cause insulation 

problems. 

0 i I{ the secondary winding of the ideal transformer has N, 

' turns, the number of turns in the primary winding for 
maximum power transfer to the load will he 0.5N„ turns 
when the supply and load has Impedances of 4R and R 

respectively. 


resp -—-;-r 

T^T^Tdifferentiates a core-type transformer from a shell- 

type transformer? In both types, the primary and 

secondary windings are wrapped one on top of the other, 

what are the purposes of this approach? (support your 

answ er with suitabl e sketches/)---777 

icl “n“i° c 7 :" ~“ zz - 

p| cClTe' th. 

distorted (D]t-.—--rPhaseT^n - ^ 56 

Three-phase transformer 1 bme ^ rnrreu t| cuneut_ 

connection 


hr l 


^Question 3 


30 Points 


[3X10] 
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A „0 VA, MO/2 obmi X) . It, = 0.0! „ ; 

sir™:— 

t"ansfonnor at maxhmnn efficiency, 

1} the efficiency at full-load and 

the equivalent core-loss resistance, 

, „ o-l^ U ” ' *™ 

„ lu, transformer. Wtat «" «“ W"” 1 ""-* "■“‘Si of 

!n b connected to . load who.o p„ w .f. cl 

v.“c Determine the «,.«»« voltag.-rounlatlon at ^ 

. „w conditions and draw the corresponding phasor dla gtatn 
find the transformer voltage-regulation at 60 % of full-l oad 

condition and 0.8 power factor lag and draw the 

corresponding phasor-diagram. 

If the transformer has the following load-cycle; 

No load for 6 hours 

70% full load for 10 hours at 0.8 lagging power factor 
90% full load for 8 hours at 0.9 leading power factor 
Determine the ALL-DAY efficiency of the transformer, 
taking the transformer rating as a base, derive the 
approximate equivalent circuit of the transformer in per 

unit. 

9) recalculate part (2) using the per-unit values. 

10) draw a sketch showing how this transformer can be 
reconnected as a 2400/2640V autotransformer. Also, 
determine (I) the power rating S w , (II) the power 
transferred by conduction, (III) the power transferred by 
induction, and (IV) the saving in copper weight 


2 ) 

3) 

4) 




C) 


7) 


8 ) 


Question 4 


20 


Points 


A three-phase transformer is assembled by connecting three 720- 
VA. 3G0/120-V, single-phase transformers. The constants for each 
transformer are Ri = 16.9 ft. Xi = 21.6 ft. R? = 2.1 ft, X 3 = 2.4 ft, 
lb = 6.64 kft, and X, n = 6.64 kft. 

For each of the following configurations a) Yy and b) Yd: 

a ) Determine the nominal voltage and power ratings of the 
three-phase transformer. (Please list your answer in a table) 
k) Draw the winding arrangements and the per-phase 
—--gguixalen t circuit for each configuration. 


_— 

sslo., for the 

U u»« tormCr L ' V ' o ur^T h " V ' WU ' ' 

of ton- N„ «« length of turn L,„, and gap c , 

;. V . and H.V. windings. 


- ■ D0tv/r^ itl \ 

,, ABSvnne the following data for a 260 kVA, 6000/415V, r,0 I 
’ «*, 3 -Phase star connected transformer; a PptoxhMU 
voltage per turn =9V, maximum flux deuslt y=l . 16T( 1 
cr uciform shaped Iron core, stacking factory, window 1 
BP ace factor=0.27, window height Is double window 
width, current dcnslty= 2.6 million A/m 1 . Determine; 

. . circumscribing circle diameter 

l n window hcigl'.t 

1 ul from the ratio between volt per turn and kVA or 

| otherwise, find the ratio of magnetic loading to 

oloctrlc loading. ___ 

_—- 7 , ZZj Prof. Ahmed Shob'ver k Dr. Shetlf D&bour 

Wish you all the best 





















